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Studies on the Oxidative Systems in Germinating 
Lettuce Seeds 


By 
A. M. MAYER, ALEXANDRA POLJAKOFF-MAYBER, and WYNONA APPLEMAN ! 


Department of Botany, The Hebrew University Jerusalem, Israel 
(Received July 6, 1956) 


It is well known that plant tissues usually contain more than one terminal 
oxidase system. Although most of the enzymens participating in the tri- 
carboxylic acid cycle have been proved to exist in plant tissue, as have the 
various electron transport systems, the identity of the main oxidative path- 
ways in plant tissue still remains uncertain (James, 1953). 

The presence of dehydrogenating enzymes in plant tissue has been known 
for a comparatively long time (Thunberg, 1938). Citric and malic dehydro- 
genases were shown to occur in cucumber seeds (Thunberg, 1929), in oat 
tissue (Berger and Avery, 1953), in apple tissue (Rubin and Salkova, 1955) 
and in other plant tissues. 

Succinic dehydrogenase was more difficult to demonstrate and even when 
reported its identification was rather uncertain as it did not react to malo- 
nate inhibition. (Thunberg, 1938; Berger and Avery, 1943; Bonner and Wild- 
man, 1946). But with the improvement of isolation methods, its existence 
was proved in potato tissue (Millerd, 1951), in Avena coleoptiles and Pisum 
stems (Price and Thimann, 1951, 1954, Glock and Jensen, 1953) and also 
in apple tissue (Rubin and Salkova, 1955). 

Malic, citric, and alcohol dehydrogenases were found to be very active in 
some tissues (Berger and Avery, 1943). But in all cases the evidence for the 
tricarboxylic acid cycle being a main respiratory pathway remained incom- 
plete. 
HE Bermanent address: Department of Agriculture, University of California, Los Angeles, 
24, California. 
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In preliminary work on the dehydrogenase system of lettuce seeds (Polja- 
koff-Mayber, 1953) it was found that the seeds of the light — sensitive variety 
Grand Rapids developed a “hydrogen donor — dehydrogenase” system during 
germination. This system apparently develops with the beginning of growth 
processes in the embryo as it becomes evident only at the time when the 
rootlet already penetrates through the seed coat. It could not be demon- 
strated at the earlier stages of germination. From various known respiratory 
intermediates only citrate was oxidized more effectively than the endogenous 
substrate. 


A further attempt was made to elucidate the main respiratory systems of 
germinating lettuce seeds, using particulate preparations of the Progress 
variety (Poljakoff-Mayber, 1955). These preparations showed a preferential 
oxidation of malate, but in contrast to the Grand Rapids seeds showed almost 
no citrate oxidation. 


A further investigation of the Grand Rapids oxidative systems was under- 
taken. Experiments were made to identify the dehydrogenating systems 
present. The oxidative capacity of the particles was investigated, and the 
identification of the oxidative pathways with the aid of respiratory inhibitors 
was attempted. 


Methods 


Lettuce seeds variety Grand Rapids were used troughout the experiments. The 
seeds were germinated in Petri dishes on filter paper at 26°C. in the dark. 


Preparation of homogenates for dehydrogenase and cytochrome oxidase studies: 
The homogenates were prepared as follows: 1 g. seeds were either germinated for 
various lengths of time or used dry. They were ground with sand in 10 ml. Na 
dihydrogen phosphate buffer (0.1 M, pH 7.4) at +2°C. The homogenate was strained 
through cheesecloth and then centrifuged in the cold at 1000 X g. for 3 minutes, and 
the supernatant homogenate used. 


Estimation of dehydrogenase activity: This was determined essentially as described 
by Glock and Jensen (1953) using the reduction of neotetrazolium chloride. The 
reaction mixture in the Thunberg tubes contained 1 ml. homogenate, 0.8 ml. phos- 
phate buffer (0.1 M), 0.3 ml. Na glutamate 0.5 M pH 7.4, 0.3 ml. nicotinamide 
0.1 M, 0.3 ml. substrate, 0.5 ml. neotetrazolium chloride 0.2 per cent, in the side 
arm, and various cofactors as will be subsequently stated. The final value was made 
up to 4.5 ml. with water. The Thunberg tubes were evacuated in the cold, incubated 
for 10 minutes at 26°C. and the reaction was then started by adding the dye from 
the sidearm. Subsequent incubation at 26°C. with constant shaking was for various 
lengths of time. The reaction was stopped by adding butanol, the colour extracted 
and read at 520 mu in Beckman spectrophotometer. Results are given throughout 
as ug neotetrazolium chloride reduced. Controls to determine endogenous dehydro- 
genase activity were invariably run containing the full system without added sub- 
strate. 
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Estimation of Cytochrome Oxidase Activity: Cytochrome oxidase was determined 
as described by Gentile and Naylor (1955). The reaction was followed by observing 
the change in O.D at 520 mu when the homogenate was added to a solution of 
reduced cytochrome c. A boiled homogenate was used as control. The curves are 
given as relative changes in O.D of the active extract as compared with the boiled one. 

Oxygen uptake measurements: The oxygen uptake of whole seeds, homogenates 
or particle preparations was studied with aid of the conventional Warburg method. 

Germination of seeds for oxygen uptake experiments: The seeds were germinated 
in the main compartment of the Warburg vessels, 50 mg. of seeds being germinated 
in 0.45 ml. of water or test solution. The volume was brought up to 0.95 ml. after 
germination and oxygen uptake then measured in the usual way at 26°C. 

Preparation of homogenate: The germination was carried out in Petri dishes. 
Water germinated or seeds germinated in various inhibitors were ground in the 
cold with buffer sucrose pH 7.0 (0.07 M for phosphate and 0.25 M for sucrose) 
in the ratio 1 g. seeds/3 ml. buffer. The homogenate was passed through cheese- 
cloth and centrifuged for five minutes at 1000 X g. 2 ml. of these homogenates 
were placed in the Warburg vessels, the final volume being 2.5 ml. 

Preparation of particles: Particulate preparations were obtained by centrifuging 
the above homogenates for fifteen minutes at 18,000 X g. in the cold. The fat layer, 
which formed on the surface, was removed and the supernatant poured off. The 
residual particles were resuspended in 0.25 M sucrose, 2.5 ml. being used for par- 
ticles prepared from 6 g. original seed. 0.5 ml. of the suspension was used in the 
Warburg flask. 


Results 


Dehydrogenases 
A survey of dehydrogenase activity in seeds germinated for fourty eight 
hours was made, using at first the cofactors DPN and TPN. The results are 


given in Table 1. 
A number of features emerge very clearly from this survey. Malic, glucose- 


Table 1. Dehydrogenase activity of 48 hrs old lettuce seedlings germinated in the dark for 
various substrates. 


ug Neotetrazolium reduced with co-factor | Incubation 
Substrate DPN TPN DPN+TPN time in 
0.033 /o 0.0033 °/o |0.033 %/0+0.0033 °/o | Minutes 
Citrate 0.066 M ........... 0 16 ilgil 120 
Citrate 0.033 M L.....,:.: 1,3 6 0 120 
a-ketoglutarate 0.1 M ...... 0 | 0 === 120 
Succinate 0.02 M .........: 0 = == | 120 
Malate 0.033 M ./....)..15 59 — — 30 
Glucose 0.013 M |........; 0 = — 90 
Glucose 6 phosphate 0.013 M 5 43 49 30 
Formate 0.033 ML acim ate 0 4 4 60 
Baetaten0.016.M 9. ccs. ss 0 — = 60 
Ethanol 0.08 0/00. 2222... 89 — — 60 
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/+9 *- NEOTETRAZOLIUM REDUCED 


Figure 1. Succinic dehydrogenase ac- 
tivity of lettcue seedlings of various 
ages. Incubation time 22 hrs. Succinate 
concn. 0.02 M. No cofactors added. 


HOURS 


6-phosphate and alcohol dehydrogenases were extremely active, whereas 
citric and formic dehydrogenases showed very low activity. It was parti- 
cularly surprising that after short incubation times neither a-ketoglutaric 
nor succinic dehydrogenase activity could be shown. 

As there is some doubt as to the effectiveness of hydrogen transfer direct 
from succinic dehydrogenase to the dye, further cofactors were added to 
facilitate the transfer. 

Homogenates were incubated with succinate 0.033 M in the presence of 
cytochrome C 1.3X107~> M and ATP 1X10-3 M or both. It was found that 
after 120 minutes of incubation cytochrome C somewhat enhanced activity, 
a reading of 15 ug neotetrazolium reduced being obtained. ATP did not 
affect activity in any way. 

Marked succinic dehydrogenase activity could be shown by incubation of 


homogenates with substrate for twenty two hours in the absence of added 
cofactors. 


Table 2. a-Ketoglutarate dehydrogenase activity of 48 hrs. old lettuce seedlings germinated 
in the dark after 24 hrs. incubation. The values denote neotrazolium reduced °/o of control. 


Co-factor added 


| | 
© > ij - x | 
Substrate | None | . TPN |CoA 11 Lipman| TPN 0.003 % + CoA | 
| | : ë ; i 
| | 0.003 %/o | units | 11 Lipman units 
ur, a ee ee eee 
| 
NOTE ere een tae D 10 61 sw 74 
a-ketoglutarate 0.01 M 25 39 


29 | 27 | 
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/*9 ¥-NEOTETRAZOLIUM REDUCED 


0 24 48 72 96 
HOURS 


Figure 2. Malic dehydrogenase activity after 30 mins. incubation. Substrate concn. 0.033 M, 
malate DPN 0.033 0/0. 

X malic dehydrogenase activity 

© endogeneous dehydrogenase activity 

A malic dehydrogenase activity of seeds germinated in 10 mg.°/o coumarin. 


The change in succinic dehydrogenase activity of seedlings after various 
times of germination is shown in Figure 1. It will be seen that the activity 
rises sharply during the first twenty four hours of germination and then 
remains almost steady. The values are corrected for the endogenous activity 
of the extracts. 

The behaviour of the extracts towards a-ketoglutarate was very remark- 
able. Incubation for three hours in the presence of TPN, CoA or both showed 
no activity. Incubation for twenty four hours with the same cofactors showed 
a decrease of activity in the presence of substrate as compared to endogenous 
activity (Table 2). It will be seen that endogenous activity itself is markedly 
TPN and slightly CoA enhanced. a-ketoglutaric dehydrogenase activity was 
slight and could only be shown in the absence of added cofactors. 

In view of the remarkably high malic dehydrogenase activity and of the 
possibility of this enzyme being involved in a possible »malic shunt», its 
activity was further studied. Figure 2 shows the malic dehydrogenase activity 
of seedlings of various ages. Activity rises up to forty eight hours and then 
remains at a more or less constant level. The endogenous activity, however, 
continues to rise up to ninety six hours. 

When the seeds are germinated in coumarin, which inhibits germination, 
the malic dehydrogenase activity remains at a level slightly above that of dry 
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Table 3. Malic dehydrogenase activity of 48 hrs. old seedlings germinated in the dark. 
(Coumarin added to the reaction mixture in vitro. Incubation time 30 mins. Sübstrate 
concn. 0.033 M malate, DPN 0.033 °/o.) 


Coumarin concn. Neotetrazolium reduced 
mg.°/o as °/o of control 
0 100 
10 102 s.d. 30 
20 113. 3:4923 


seeds (Figure 2). It appears that coumarin prevents the formation of malic 
dehydrogenase. It does not affect the malic dehydrogenase activity in vitro 
(Table 3). Even 20 mg.°/o coumarin, which would completely inhibit ger- 
mination, had no effect whatever on dehydrogenase activity. 

The endogenous dehydrogenase activity does not develop in seeds ger- 
minated in coumarin and therefore is not shown in Figure 2. 


Cytochrome Oxidase 


The cytochrome oxidase activity of seedlings of various ages was deter- 
mined. It will be seen that cytochrome oxidase is active in seeds and seedlings 
of all ages (Figure 3A). 

It is, however, of interest that seeds germinated for twenty four to forty 
eight hours show the highest activity, whereas older and younger seeds 
show decreasing cytochrome c oxidase activity (Figure 3 B). 

Coumarin did not affect cytochrome oxidase activity in vitro. 


Oxidative Activity of the Particulate Fraction and Homogenates 


Parallel with the study of the dehydrogenases, the oxygen uptake of lettuce 
seed and seed homogenates was also studied. 

Homogenates prepared from eighteen to twenty one hours germinated 
seeds had a uniformly high endogenous oxygen uptake which was depressed 
by all the tricarboxylic acid cycle intermediaries with the exception of 
succinate, 

The particulate fraction of the eighteen to twenty one hours germinated 
seeds showed no increased oxygen uptake in the presence of tricarboxylic 
acid cycle intermediaries, the method used for isolating the particles resulted 
in all the activity being retained in the supernatant of the preparation. When 
particles were prepared from seeds germinated for forty eight hours all the 


activity was located in the particulate fraction. This difference in behaviour 
on separation will be further investigated. 
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Figure 3. A. Cytochrome oxidase activity of lettuce seedlings of various ages. Changes in 
O.D. of reduced cytochrome c on adding extracts of seedlings of various ages. — B. Rela- 
tive cytochrome c oxidase activity of seedlings of various ages. 


+ Dry seeds 
X 24 hrs. old seedlings 


O 48 hrs. old seedlings 


A 72 hrs. old seedlings 
OC) 96 hrs. old seedlings 


The activity of the particulate fraction from seeds germinated for forty 
eight hours is given in Table 4. As will be seen from Table 4 all the acids 
tested increased oxygen uptake. The increase caused by malate was unex- 
pectedly low in view of previous findings for variety Progress lettuce seeds. 
In these malate was preferentially oxidised. 

It will be seen that certain discrepancies exist between these results and 
those of the dehydrogenase studies. 


Table 4. Relative increase in oxygen uptake of particles prepared from 48 hrs. dark ger- 
minated lettuce seeds, on addition of various substrates. 


Citrate 
Malate 


Endogenous 
a-ketoglutarate 


Succinate 
Pyruvate 


Substrate 


ss... 


Relative increase 


100 
255 
227 
189 
339 
150 


Reaction mixture in Warburg vessels: ATP 10% M, MgSO4 : 7 H2O 10% M, Sucrose 0.25 M. 
Glucose 210-2 M, PO4# 10-2 M, substrate 2X 107? M. 
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Figure 4. Effect of respiratory in- 
hibitors on germination of Grand Ra- 
pids seeds in the dark. 


A NaCN 

© Iodoacetic acid 

© NaoS 

& Hydroxylamine HCl 

U p-nitro phenol 

X Diethyldithiocarbamate 


GERMINATION AS % OF WATER CONTROL 


Effect of Respiratory Inhibitors on Germination and Oxygen Uptake 


As very little is known about the nature of the oxidative mechanism of lettuce 
seeds, it was of interest to study the effect of various respiration inhibitors 
on the respiratory systems. For this purpose the effect of the inhibitors on 
germination had to be first determined. The results are shown in Figure 4. 


It will be seen that the effect on germination was not always parallel to 
that which one might expect from the known activity of the compounds as 
respiratory inhibitors. Thus cyanide stimulated germination at mM concen- 
tration, p-nitro phenol, diethyldithiocarbamate, hydroxylamine, hydrochloride 


and sodium sulphide — all inhibited germination less than might be expected 
at mM concentration. 


Those concentrations of the inhibitors which had marked activity on ger- 
mination were, therefore, further studied in experiments on oxygen uptake. 

A complex experiment was carried out, in which the effect of the inhibitors 
was studied on the oxygen uptake of whole seeds, either germinated in the 
inhibitor or germinated in water, and the inhibitor added to the Warburg 
vessel. The same was also done for homogenates from seeds germinated in 
water with inhibitor added in the vessel, or germinated in the inhibitors and 
water in the vessels. The results are given in Table 5. 

It will be seen that when the respiration inhibitors are added in the War- 
burg vessels to whole seeds germinated in water, none of them appreciably 
affect oxygen uptake. This is not the case when the seeds are imbibed in 


the inhibitor. Here cyanide raises oxygen uptake, while iodoacetate depresses 
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Table 5. Relative oxygen uptake of whole seeds and seed homogenates in the presence of 

various respiration inhibitors added either in vivo or in vitro. (The oxygen uptake of water- 

germinated seeds or homogenates prepared from them is taken as 100. Oxygen uptake 
measured after 60 mins. Vessel content as in Table 4, except substrate.) 


a 


Oxygen uptake of Oxygen uptake of homogenates 
whole seeds of seeds 
Inhibitor added : : ; : 
during germina- Concn. Germinated in ; Germinated in : 
on onto War: mM | water, inhibitor Germinated water, and in- | Germinated in 
burg vessels added to War-| in inhibitor | hibitor added inhibitor 
burg vessel to homogenate 
18 hrs. 18 hrs. 18 hrs. |48 hrs. | 18 hrs. | 48 hrs. 
1) (2) (3) (4) (5) (6) (7) (8) 
NACNE oe cae ere 0.8 82 125 47 41 140 106 
Diethyldithio- 
carbamate... 1 86 108 127 114 151 141 
NH20H : HCI ..| 10 114 66 0 26 115 116 
Todoacetate ... 2 105 22 90 95 108 74 
NAS SERRE RER 10 100 70 60 58 50 — 
p-nitrophenol .. 1 100 87 105 76 103 == 


it markedly. The behaviour of homogenates also shows a difference between 
addition of the inhibitor in vitro and in vivo. Cyanide depresses oxygen 
uptake in vitro but raises it in vivo. Hydroxylamine depresses it very strongly 
in vitro, diethyldithiocarbamate raises oxygen uptake in every case. 

Iodoacetate shows little effect, except in the case of the oxygen uptake of 
whole seeds germinated in the compound. Na,S invariably depressed oxygen 
uptake except when added to whole seeds. The results for p-nitro phenol 
are not clear-cut. 


Table 6. Relative oxygen uptake of homogenates of 18 hrs. dark germinated seeds. (Oxygen 
uptake measured after 60 mins.) 


Seeds germinated in Substance added to homogenate Oxygen uptake 
Diethyldithiocarbamate 1 mM | H20 ............................ 100 
Citzate 210721 Sale: 122 
Citrate 10? M+CN 0.8 mM ....... 80 
Malatesl Os Mason 104 
CINSOFS mM ee mr 47 
UN malatee were 100 
CN 0.8 mM ISO! nn DE CRE 100 
Suecmatesl 02 ME ce... 130 
Diethyldithiocarbamate 1 mM ..... 170 
NH°OH -HCl 10 mM ...2......... 0 
NH20H : HCl 10 mM ISO Woks tere ene otence UNTO Oo cmon me 100 
Succwiate, LORS Mw 2.2 ha 92 
CNED SR MERE tanto Bo oto eee 115 
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As the difference in the results was in part due to the time and method 
of application, further studies on some of the inhibitors were undertaken. 
These were designed to test in how far germination in the inhibitor affected 
the various enzyme systems and their development. 

Seeds were germinated for eighteen hours in hydroxylamine, diethyldithio 
carbamate or cyanide, and various substances added to the homogenates. 
Oxygen uptake was then measured. The results are given in Table 6. 

It will be seen that cyanide can markedly depress the oxygen uptake of 
homogenates prepared from seeds germinated in carbamate. This cyanide 
depression can be reversed by both malate and citrate. 

The oxygen uptake of cyanide-germinated seed homogenates is raised by 
succinate, and markedly so by carbamate. This strongly suggests that carba- 
mate is oxidised by the homogenate. Hydroxylamine completely depresses 
the oxygen uptake of cyanide-germinated seed homogenates. 

The oxygen uptake of hydroxylamine-germinated seeds is not very mar- 
kedly affected by either cyanide or succinate. 


Discussion 


In the present investigation it was attempted to ascertain in how far various 
oxidative systems are operative in germinating lettuce seeds. 

As already mentioned in the results there are certain discrepancies between 
the oxygen uptake studies and the dehydrogenase ones. There was a lack 
of a-ketoglutaric and succinic dehydrogenase activity in short experimental 
periods as opposed to their oxidation by particles. This may be due either 
to the presence of specific inhibitors in the homogenates or to special cofactor 
requirements of these enzymes. The high malate dehydrogenase activity and 
the relatively low level of oxygen uptake when particle preparations oxidise 
malate may be due to a number of factors. The full oxidation of malate may 
require different conditions than the mere removal of two hydrogens which 
are transferred to a dye molecule. Also the full oxidation of malate involves 
far more enzymes than its mere dehydrogenation. In general, the findings 
support the view that the tricarboxylic acid cycle could be operating in ger- 
minating lettuce seeds. 

The high malate dehydrogenase activity, its low oxidation by particles 
and the slight formic dehydrogenase activity indicate the possibility that in 
addition the malate shunt may also function in the seeds. Further strong 
evidence for the existence of oxidative pathways other than glycolysis and 
the tricarboxylic acid cycle is provided by the very high activity of glucose- 
6-phosphate and alcohol dehydrogenases. The former was TPN the latter 
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DPN specific. Price and Thimann, 1954 concluded that in pea stems and 
oat coleoptiles there was sufficient malic and succinic dehydrogenase activity 
to permit the functioning of the Krebs cycle. Low a-ketoglutaric oxidase and 
lack of evidence on other dehydrogenations made its actual operation pro- 
blematic. 

The curves of the development of malic and succinic dehydrogenase with 
germination time show that the former reaches a peak of activity after forty 
eight hours and then remains almost stationary. The latter rises rapidly till 
twenty four hours, then shows a lag up to forty eight hours of germination 
and then shows a further rise which is accompanied by further growth and 
development of the seedlings. 

The cytochrome oxidase also shows a peak of activity between twenty four 
and forty eight hours of germination. Polyphenol oxidase activity has been 
shown previously to rise steadily with germination time. (Mayer, 1954). All 
this evidence together suggests that a change in the respiratory mechanism 
occurs somewhere in the early stages of seedling development. 

The oxidative activity of whole seeds, homogenates and particles towards 
various substrates was not the same. Discrepancies in oxidative activity, as 
determined by different methods were also noted. This made any clear-cut 
conclusions as to the operative oxidative pathways of the germinating seed 
very difficult. 

The inhibition of endogenous substrate oxidation in homogenates by 
cyanide and hydroxylamine suggests that most of the endogenous substrate 
is oxidised by “non-metal” enzymes and part by iron enzymes. When, how- 
ever, seeds are germinated in the inhibitors the formation of certain enzyme 
systems is prevented and the oxidative mechanism is consequently diverted 
(cf. columns 5, 7 with 6, 8 in Table 5). When seeds were germinated in the 
inhibitor, there were certain divergencies between the behaviour of whole 
seeds and homogenates (cf. columns 4 with 7 in Table 5). 

Iodoacetic acid, p-nitro phenol and hydroxylamine inhibit the oxygen 
uptake of whole seeds much more strongly than that of seed homogenates 
(cf. columns 4 and 7 in Table 5). This may be due to the dilution of the 
inhibitor during preparation of the homogenates and the consequent dis- 
sociation of enzyme inhibitor complexes. This is not the case with sodium 
sulphide where inhibition persists and even becomes more marked in the 
homogenates. It is possible that sodium sulphide is more general in its inhibi- 
tion of the development of enzyme systems and therefore does not permit 
the development of alternative mechanisms. 

Diethyldithiocarbamate is apparently itself oxidised by the homogenates. 
Volcani (personal communication) has also found that carbamate acts as a 
respiratory substrate. Therefore it is difficult to discuss its action as an 
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inhibitor. If it is assumed that diethyldithiocarbamate inhibits the devel- 
opment of copper enzymes we can conclude from table 6 that citrate is not 
mainly oxidised by a copper containing terminal oxidase. If cyanide inhibits 
the residual iron enzymes then the cyanide effect could by accounted for. 
As both citrate and malate reverse the cyanide effect, it may be concluded 
that both the acids can also be oxidised by “non-metal” enzymes. Germina- 
tion of the seeds in cyanide would inhibit the formation of heavy metal 
enzymes. The endogeneous substrates present are then all oxidised by “non- 
metal” enzymes as the addition of hydroxylamine completely prevents oxygen 
uptake in homogenates of cyanide germinated seeds. Succinate is, however, 
largely oxidised by “non-metal” enzymes as it is oxidised in homogenates of 
cyanide germinated seeds but not in those of hydroxylamine germinated 
seeds. Diethyldithiocarbamate, when oxidised, is oxidised either by “non- 
metal” or by iron enzymes. 

In general the following conclusions may be drawn. The tricarboxylic acid 
cycle and the cytochrome oxidase systems are operating in germinating 
lettuce seeds, but are by no means the only possible oxidative pathway. There 
exists a large amount of flexibility for changing the oxidative pathway both 
during development and due to changing external conditions. This is sup- 
ported by several workers. Thimann, Yocum and Hackett (1954) showed 
that washing potato discs changed their terminal oxidases from cytochrome 
to flavoprotein. James and Boulter (1953) showed that in barley roots there 
is a change from cytochrome oxidase to ascorbic acid oxidase during growth 
and development. Kriukova (1949) showed that in barley seedlings there is a 
change in terminal oxidase system from cytochrome to flavoprotein and 
polyphenol oxidases. It appears therefore that great flexibility in the oxidative 
pathways is a general feature of plant tissues and not peculiar to germinating 
lettuce seeds. 

Coumarin was again shown to inhibit the formation of dehydrogenases 
during germination. It did not affect the activity of already existing enzyme 


systems, as was shown both for malic dehydrogenase and for cytochrome 
oxidase. 


Summary 


The study of dehydrogenases of lettuce seeds showed a DPN specific 
malic dehydrogenase, a TPN specific glucose-6-phosphate dehydrogenase and 
a DPN specific alcohol dehydrogenase to be particularly active in seed homo- 
genates. Particulate fractions prepared from the seeds showed oxidation of 
many of the tricarboxylic acid cycle intermediaries. Studies on the inhibi- 


tion of oxygen uptake by whole seeds and seed homogenates indicated that 
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more than one oxidative pathway exists in germinating lettuce seeds. Cou- 
marin did not affect the oxidative systems in vitro. It is concluded that the 
oxidative pathway changes both during development of the seedling and 
also as a result of changing external conditions. 

The effect of respiratory inhibitors on germination is described. 
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Introduction 


The germination of several varieties of lettuce is dependent on some photo- 
active process (6, 7). Similar dependence is found also in other species, such 
as cress, tobacco, etc. 

The role of auxins in the process of germination is a subject to contro- 
versy. But it was suggested especially for tobacco (9) that immature seeds 
contain an excess of 3indolyl acetic acid (IAA) which prevents germination. 

IAA can be inactivated by light (3, 4, 5, 8). Therefore light inactivation of 
IAA may serve as a trigger mechanism in the germination of some light 
sensitive seeds. This possibility was investigated for lettuce. 


Experimental Material and Methods 


Lettuce seeds of the light-sensitive variety Grand Rapids were used throughout 
the experiments. The seeds were supplied by the Ferry-Morse Seed Growers Co., 
California, in 1954. They were stored in the dark at room temperature. A total 
amount of 25 gr. seeds was germinated in 14 large Petri dishes of 20 cm. diameter. 
The seeds were germinated in the dark at 26°C. After two hours in the dark the 
Petri-dishes were exposed for 20 minutes to ordinary day-light, and returned to the 
dark in the incubator. The harvesting time was after 24, 48, 72 and 96 hours in the 
incubator. Dry seeds were also used. 

Complete contents of the petri-dishes were harvested into a pre-chilled mortar 
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and immediately frozen in liquid air. They were ground as well as possible while 
frozen, transferred into a glass jar and covered with absolute alcohol. The jar was 
left for extraction at 4°C for approximately twenty four hours. The alcohol was 
separated from the solids by centrifugation. The acid fraction of the growth sub- 
stances was isolated from the alcohol extract as described by Kefford (10), except 
that the bicarbonate extraction was repeated five times instead of three as recom- 
mended by Kefford. 

The final amount of the ether extract (1—1.5 ml.) was equally divided between 
two strips of Watman No. 1 paper, on a line 3 cm. long. It was then chromato- 
graphed in isopropanol-water-ammonia (10 :1:1) for eighteen hours using the 
descending method. After drying, the chromatograms were cut into horizontal strips 
according to their fluorescence bands in ultra-violet light. The biological activity 
of the various bands was assayed using the Avena coleoptile section extention growth 
test. One chromatogram only was used in the biological test, the other one was used 
for color tests. 

The results are plotted in histograms according to the Rfs of the various bands, 
and expressed as percentage elongation as compared to the initial length. 


Experimental Results and Discussion 


Total extractable growth substances were extracted from lettuce seeds and 
seedlings. No distinction was made between the free and bound substances. 
Only the substances of acidic nature were assayed. Several repeated extrac- 
tions were made from seedlings of every age used. The histograms obtained 
from these repeated experiments were very similar but not always identical. 
These differences may be partly attributed to usual biological variability, 
but mainly to variations from day to day in germination percentage which is 
typical of this variety of lettuce seeds. 

Representative histograms showing the presence of active growth sub- 
stances in seedlings of various ages are shown in Figure 1. Figure 2 shows 
the variability between the different repeated experiments. Although the 
variation in a few cases is rather big (Figure 2), it is possible to draw some 
conclusions, regarding the number of growth-active substance appearing 
during germination and the early stage of growth. 

Dry seeds apparently do not contain any growth-promoting substances 
(Figures 1 and 2). The only active substances in the dry seeds are two growth 
inhibitors, one with an Rf of approximately 0.15 and the other with an Rf of 
approximately 0.55. After twelve hours imbibition both growth inhibitors 
disappear, and growth promoting substances appear instead. One has an Rf 
of approximately 0.3. The other one did not show a very clear localization 
on the chromatogram and was spread from the area of Rf=0.7 to the end of 
the chromatogram. The activity of this area may be due to a whole complex 


of substances. 
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Figure 1. Histograms showing the chromatographic separation of growth active sub- 
stances in lettuce seeds germinated for various length of time. The broken line gives the 
growth of the controls. 


It is possible that there is a third growth promoting substance on the 
starting line. This substance persists in the chromatograms of 24 and 48 hrs 
old seedlings and disappear in those of 96 hrs. The extracts were not com- 
pletely free of fat. It is possible therefore that this growth promoting sub- 
stance on the starting line is not a different substance but part of the other 
substances which were prevented from moving by the fat present on the 
starting line. Approximately at this time — 12 hours — mitosis is first 
observed in the embryo (12). 

After 24 hrs germination growth processes have already occurred in the 


embryo as a result of which the rootlet penetrated the seed coat. The growth 
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substances content did not change much, except that the area between Rf’s 
0.6 and 1.0 was divided more clearly into growth promoting substance at 
the Rf 0.6—0.7 and a weak growth inhibiting substance showed a tendency 
of appearing immediately behind it (Rf=0.8). 

After 48 hrs germination seedlings with a rootlet and cotyledons have 
developed. These seedlings show beside the growth promoting substance on 
or near the starting line, another growth promoting substance in the area 
between the Rf’s 0.4 and 0.6 and a growth inhibitor immediately behind it. 
This substance is not however very well localized on the chromatogram. 
There is apparently another growth inhibitor around Rf=0.15. 
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In seedlings after seventy two and ninety six hrs. of germination the 
growth promoter on the starting line has apparently disappeared. There is 
also much less fat in the extracts so that it is possible that it has moved 
forward and forms one of the growth promoting peaks in the area between 
Rf’s 0.1—0.5. There is a growth inhibitor immediately behind that area. This 
growth inhibitor is always accompanied by a characteristic smell. After 
seventy two hours of germination there is another growth promoting area 
between Rf’s 0.6—0.85. This substance disappears after ninety six hrs of 
germination. ' 

It seems therefore that during germination and growth of lettuce seed at 
least seven substances of acid nature appear that affect growth. The nature 
of these substances is as yet unknown and is under investigation. The areas 
of the growth promoting activity around Rf=0.3 and Rf=0.4—0.6 do give 
a slight colour reaction with Salkovsky and with Erlich’s reagent and 
natural IAA may contribute to them although even that is not completely 
proved. 

The presence in plant extracts of unidentified growth substances was 
reported many times. Accelerator a and inhibitor B were reported from 
various plant tissues (2, 10, 11). At least three growth active substances were 
found in wheat roots (13). Growth active substances were also separated from 
fruits (14, 15, 16). A new substance was reported from tobacco (17). But in 
all those cases there is no proof yet as to the identity of the substances. There 
is also very little evidence concerning the typical biological activity of all 
these substances. Much more has to be done before their nature will be clear. 

As to the active substances in the lettuce seeds, natural IAA is not present 
in dry seeds. Therefore the failure to germinate without a light stimulus 
can not be attributed. to an excess of indolylacetic acid. It is possible that 
the growth inhibitors present in the dry seeds, may be precussors of IAA. 
As long as their chemical nature is not fully established the suggested trigger 
mechanism cannot be finally ruled out, but in the light of present results 
does not seem to be likely. The chemical nature, the biological activity and 
the relations to IAA of these inhibitors are being further investigated. 


Summary 


The possibility of an excess of IAA as being the germination preventing 
mechanism of light sensitive lettuce seeds was investigated. 

No IAA was found in the dry seeds. Growth promoting substances appear 
in seedlings, only when germination proceeds. Two acidic growth inhibiting 
substances were the only growth active substances present in the dry seeds. 
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These substances apparently disappear when germination proceeds. A variety 
of other active substances appears during germination. 

The chemical nature of the growth inhibiting substances in the dry seeds, 
also the reaction of these substances to light are still not known. 

After this paper had been submitted to the press, a paper by Wareing P. E. 
and Foda V. entitled “Possible Role of Growth Inhibitors in the Dormancy 
of Xanthium and Lettuce”, Nature (in press) was brought to our notice. 

The behaviour of the growth inhibitors found by these authors is similar 
to those found by us. The inhibitors are probably not identical due to dif- 
ferences in isolation procedure. Further investigations by one of us (S. G-B) 
have shown that some of the acid substances extracted from lettuce seeds 
inhibit their germination. 
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Introduction 


The catalysis of the oxidation of endogenous compounds by tricarboxylic 
acid (TCA) cycle intermediates has been observed with animal preparations. 
Krebs and Johnson (8) found that with minced pigeon breast muscle the O, 
uptake in the presence of citrate was far greater than could be accounted 
for by complete oxidation of the citrate. Addition of very small amounts 
of fumarate to muscle preparations (Stare and Baumann, 12) caused increased 
O, uptake equal to 6 to 10 times that which could be accounted for by the 
complete oxidation of the added fumarate. The catalysis of fatty acid oxida- 
tion by TCA cycle intermediates has been well verified. Lehninger and Ken- 
nedy (9) have suggested an explanation for this effect. 

The results presented in this paper indicate that, even with washed subcell 
particles from cabbage, addition of a substrate causes catalysis of oxidation 
of endogenous compounds. This catalysis may be sufficient to invalidate the 
use of O, uptake data alone to determine accurately the extent to which an 
added substrate is oxidized. The findings support the hypothesis that the 
TCA cycle is operative in the cabbage particulate preparations and indicate, 

' Technical Paper No. 962, Oregon Agricultural Experiment Station. 
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in addition, that certain exchange and transamination reactions are catalyzed. 
The liberation of CO, from a fatty acid by the cabbage preparations was 
demonstrated, but no evidence was found to indicate oxidation of this acid 
via the TCA cycle. 


Methods and Materials 


The preliminary work involved in developing the method used for separating 
subcell particles from cabbage, and a summary of the literature concerning such 
preparations from plants, have been recorded recently by Freebairn and Remmert (5). 
Young heads of cabbage (Brassica oleracea) were cut into pieces smaller than one 
cm square with a knife and chopping board. Each of eight 110-gram portions of 
this chopped material was blended, using a one-liter Waring blendor fitted with a 
“Cenco-pinto” blade assembly, in 50 ml of a solution containing 1.0 M sucrose, 
0.01 M ethylenediaminetetraacetate, and 0.1 M potassium phosphate buffer, pH 7.2. 
Three 5-second homogenizing periods were used, the material being cleaned from 
the walls of the blendor jar after each period. It was necessary to rock the entire 
blendor and bowl during homogenization to insure a uniform blending of the 
material. Each of the 8 homogenates was strained through 6 layers of 40-grade 
cheesecloth into a common container. 

The strained homogenate was centrifuged first at 3,000 Xg for 10 minutes to sedi- 
ment cell debris and then at 14,000Xg for 15 minutes to sediment the cabbage 
particulate precipitate. The cabbage precipitates in the centrifuge tubes were com- 
bined into a single tube, suspended in 40 ml of 0.1 M potassium phosphate buffer, 
pH 6.9, containing 0.6 M sucrose, and resedimented at 14,000Xg for 15 minutes. 
This entire procedure was conducted in the temperature range of 0° to 5°C. The 
total particulate material obtained was suspended in 28 ml of 0.1 M potassium 
phosphate buffer, pH 6.9, containing 1 M sucrose. Two ml of this suspension was 
added to each of 14 Warburg flasks, to give a total liquid volume of 3.2 ml in the 
main compartment of each flask. The reaction medium contained the following 
concentrations of solutes: 44X107% M MgSO,, 1.6X10% M MnSO,, 75 ug cyto- 
chrome c per ml, 25 ppm terramycin, 3.2X 10% M adenosine-5-triphosphate (Sigma 
Chemical Company), 6.25107! M sucrose, 6.25 X 107? M potassium phosphate buffer 
at pH 6.9, 2X1074 M DPN (diphosphopyridine nucleotide, Pabst Laboratories), 
2X105 M TPN (triphosphopyridine nucleotide, Sigma Chemical Company), 
2.5X10°3 M reduced glutathione, sodium salt (Schwarz Laboratories, Inc.), 1.4 
X 1073 M thiamine pyrophosphate (Schwarz Laboratories, Inc.), 125 ug of coenzyme 
A concentrate per ml (Armour and Company, containing 13 Lipmann units of coen- 
zyme A per mg, less than 4 °/o TPN, and less than 7 °/o DPN). 

The O, consumptions induced by a number of nonlabeled TCA cycle intermediates 
were determined using the above reaction medium. In another experiment an addi- 
tion of 10 umoles of potassium succinate-2-C!* (0.76 millicurie/millimole, Tracerlab, 
Inc.) was made to each of 3 of the Warburg flasks. The side arm of each of these 
flasks contained 0.2 ml of 2N H,SO,, which was used at the end of the experiment 
for complete transfer of CO, from the main compartment to the KOH solution 
in the center well. Three other Warburg flasks were used to determine the endo- 
genous O, uptake. Eight additional flasks were used to determine manometrically 
the CO, evolution from 10 umoles of nonlabeled succinic acid by the “direct method” 
(13) with air as the gas phase. The Warburg flasks were incubated at 30°C. until 
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the O, uptake approached the theoretical value for 100 °/o oxidation of the succinate 
to CO, and water. 

Dry combustions of known amounts of nonlabeled succinate, and of succinate- 
2-C14 with carrier succinate added, were carried out by a standard procedure (11). 
The CO, was collected and precipitated as BaCO, which was weighed. An average 
of 103 %/ of the theoretical weight of dry BaCO, was obtained for the nonlabeled 
succinate and 104 °/o for the diluted succinate-2 Ci, A number of BaC?O, planchets 
were prepared after each combustion of labeled succinate. These were counted in 
the conventional manner using a Geiger-Muller counter with a thin mica window; 
the data were corrected for background and self-absorption. 

At the end of the 51/2-hour incubation period, the KOH in the center well was 
removed quantitatively from each Warburg flask which originally contained the 
enzyme preparation and labeled succinate. A measured weight of non-labeled carrier 
carbonate was added to each solution (1.5 to 1.7 g anhydrous Na,CO,). BaC!!O, was 
precipitated and its total dry weight was determined. Again BaC!*O, planchets from 
each of the 3 samples were prepared, weighed, and counted. 

The contents in the main compartments of the 3 flasks containing labeled suc- 
cinate were quantitatively transferred, after the incubation, to 3 centrifuge tubes, 
and each solution was mixed with 12.8 ml of absolute ethyl alcohol. The tubes 
were then centrifuged at 2,000 rpm for 10 minutes. The supernatant liquids were 
removed and each of the protein precipitates was washed several times with 80 °/o 
alcohol. The protein precipitates were then dried and weighed, and a measured 
portion of each was removed, burned to release CO,, precipitated as BaCO,, dried, 
weighed, plated and counted. The supernatant fractions, including their respective 
wash solutions, were evaporated to a volume of approximately 2 ml each. Measured 
aliquots of these alcohol extracts were dried and counted in their organic form 
without combustion. 

Aliquots of 0.03 ml from each of the supernatant concentrates were chromato- 
graphed directly with known TCA cycle acids as described by Buch, et al. (4). 
Aliquots of 0.07 ml from each of the concentrates were chromatographed directly 
with known amino acids using a conventional procedure (2) for separation of amino 
acids. With both chromatographic procedures a number of descending one-dimen- 
sional chromatograms were prepared from each supernatant concentrate. The chro- 
matograms were counted with a manual strip counter, and radioautographs were 
prepared from representative strips, using a procedure similar to that described 
by Katz and Chaikoff (7). Exposure time was 2 months. 

A 0.001 M palmitate solution was prepared as described by Humphreys, et al. (6) 
from palmitic acid-1-C (1 millicurie/millimole, Tracerlab, Inc.). One-tenth mole 
of labeled palmitate and 10 umoles of non-labeled citrate were added to the usual 
reaction.mixture, containing the cabbage particulate preparation, in Warburg flasks. 
The endogenous, palmitate, citrate, and palmitate-citrate induced O, consumptions 
were determined. At the end of the incubation period the KOH solution was removed 
from the center well of each flask containing labeled palmitate. The radioactivity 
in each of these solutions was determined as described previously. 


Results and Discussion 


Time curves for O, uptake by a cabbage particulate preparation, in the 


presence and absence of added citrate, are shown in Figure 1. As 100 per cent 
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oxidation of the citrate (as calculated from O, uptake data) was approached, 
the substrate concentration appeared to become limiting and the substrate- 
induced O, uptake approached zero. Similar curves were obtained when 
malate, succinate and a-ketoglutarate were used as substrates. 
Succinate-2-C Experiments. The total radioactivity added to each of the 
3 Warburg flasks, together with the average amounts found in the center 
wells and in the alcohol-soluble and alcohol-insoluble fractions, are shown 
in Table 1. According to these data only 73 per cent of the radioactivity in 
the succinate added to the Warburg flasks was recovered in the center wells as 
C140, when the data for O, uptake and CO, evolution corresponded to oxida- 
tion of 98 per cent’ of the succinate to CO, and water. If part of the labeled 


Table 1. Distribution of Radioactivity from Succinic Acid-2-C#. Ten umoles of succinate- 
2-C14 was incubated for 51/2 hours at 30°C. with a cabbage particulate preparation to 
obtain this distribution. Oxygen uptake and CO: evolution data indicated that during the 
incubation 98 per cent of the labeled succinate had been oxidized to CO»: and water. 


Fraction Total radioactivity | 
| 
total c.p.m. X 10° | 
Succinic acid-2-C!4, 10 umoles added initially .................. 6:52 | 
Contents of center well of Warburg flask (evolved CO») ........ AO | 
Alcohol-soluble portion of incubation mixture (approximate only) io 
Alcohol-insoluble portion of incubation mixture ................ 0.008 * 


1 Average of results from 4 determinations. 
2 Average for fraction from 3 Warburg flasks. 
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succinate had been converted to other TCA cycle intermediates and to amino 
acids. and if these had equilibrated with non-labeled endogenous compounds 
in metabolic pools, then the remaining 25 per cent of the CO, determined 
manometrically could have been formed by oxidation of exchanged endo- 
genous compounds. In addition, the added succinate may have catalyzed the 
oxidation of endogenous substrates. 

Information concerning the products derived from the labeled succinate 
during the incubation is shown in Figure 2. The aliquots taken from the 
succinate-2-C14 supernatant concentrates did not contain sufficient quantities 
of TCA cycle intermediates or of amino acids (with the exception of gluta- 
mate) to give colored areas on the chromatograms when the usual color 
producing reagents were applied. A colored, radioactive band was obtained, 
after ninhydrin treatment, which coincided with known glutamate. This 
indicated that the cabbage particles formed relatively large amounts of 
labeled glutamate, presumably by transamination reactions (15) involving 
labeled a-ketoglutarate, derived from the labeled succinate. Smaller amounts 
of radioactivity were apparently incorporated into citrate, malate, pyruvate, 
and tricarballylate (Strips 2—4, Figure 2). Unidentified products, which 
probably included amino acids, were also detected on the radioautographs 
(Strips 5—7, Figure 2). No labeled area was found on the radioautograph 
(Strip 2) which coincided with known succinic acid on the photograph 
(Strip 1) of the same chromatogram. It would appear, therefore, that all of 
the labeled succinate had been metabolized by the cabbage particulate pre- 
paration. These results indicated that the complete TCA cycle and trans- 
amination reactions were operative in the cabbage preparations. Brummond 


and Burris (3), using pyruvate-2-C!#, obtained similar evidence for operation 
of the TCA cycle in lupine mitochondria. 


It is concluded that the addition of labeled succinate to the washed cabbage 
preparation resulted in exchange reactions whereby endogenous compounds 
were oxidized in partial replacement for oxidation of the labeled succinate 
and its metabolic products. In addition, actual catalysis of the oxidation 
of endogenous compounds may have been caused by addition of the succi- 
nate. From this it would seem incorrect to assume, even with washed sub- 


cell particles, that O. uptake and CO, evolution data are reliable indices of 
the extent to which added substrates are oxidized. 


Other chromatograms (not shown) were obtained in which known tri- 
‘arballylic acid spots on the chromatograms coincided with labeled areas 
found on their respective radioautographs. This chromatographic identifica- 
tion of tricarballylic acid was repeated many times. Tricarballylate did not 


‚ause Increased O, uptake when it was added to the reaction mixture either 
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Figure 2. Products formed from succinic acid-2-C!* by a cabbage particulate preparation. 
Strip 1, a photograph of a chromatogram developed from known non-labeled TCA cycle 
intermediates and an aliquot from one of the three “labeled succinate” supernatant con- 
centrates. The light areas on strip 1 represent known acids as indicated by the color 
change of bromphenol blue where sufficient acid is located. Strip 2, a radioautograph 
of strip 1. Strips 3 and 4, radioautographs of chromatograms of aliquots of the other two 
supernatant concentrates. Strips 5—7, radioautographs of chromatograms of the three 
supernatant concentrates, developed in a solvent for amino acid separation. 
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with or without TCA cycle intermediates. Other than the recognition of tri- 
carballylic acid in plants (10, 14), little work has been done on this acid. 
Transamination. It was found that the cabbage particulate preparation 
catalyzed increased O, uptake when either glutamate or oxalacetate was 
added to the reaction medium. Small amounts of oxalacetate appeared to 
catalyze the oxidation of glutamate (Table 2, Experiment 1). This effect 
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Table 2. Oxygen Consumption by Cabbage Particulate Preparations. 


i Substrate-induced 
Experiment cn Substrate and amount added Oe consumption 1 
Ne; min. a ug. atoms 

1 150 a-ketoglutarate 20 .............. 29.4 
a-ketoglutarate 20+oxalacetate 4 26.2 
Gutamate 20627. 2 77. 18.4 
Glutamate 20+oxalacetate 4 ..... 43.4 
2 120 Succinate: LOM SR. 69.2 
Oxalacetate 10 Br Sec: se ee 51.5 
Succinate 10+oxalacetate 10 . .... 75.6 
Glutamate’ TOR Wa. 2er 2.8: con 53.6 
Glutamate 10+oxalacetate 10 .... 64.2 
a-ketoglutarate 107 un u. .2..... 62.0 
3 60 Glutamate 204. 8 20. ee 37.0 
Glutamate 20+malonate 32 ...... 12.0 
Oxalacetate 20R NE 29.1 
4 60 o-ketoglutarate LOF" RER - 0 14.4 
a-ketoglutarate 10+malonate 32 .. 12.0 


1 Expressed as the total oxygen uptake with substrate present minus the endogenous 
uptake. 


would be expected if glutamic-oxalacetic acid transaminase were present in the 
cabbage particles. The a-ketoglutarate formed initially by transamination 
could be oxidized through succinate to oxalacetate, which could act as an 
acceptor for further transamination. When malonate was added with a-keto- 
glutarate (Table 2, Experiment 4) a 17 per cent inhibition of O, uptake 
occurred, but when this inhibitor was added with glutamate (Table 2, Ex- 
periment 3) O, uptake was inhibited 68 per cent. It seems reasonable to 
assume that in the presence of glutamate, malonate blocked the formation 
of oxalacetate, which was needed for transamination and oxidation of gluta- 
mate. Less inhibition of a-ketoglutarate oxidation would be expected because 
transamination would not be a prerequisite to oxidation and because malo- 
nate inhibition of succinic dehydrogenase would be partially overcome by 
the larger amounts of succinate formed from a-ketoglutarate. The experi- 
ments in which malonate was used gave further evidence for the presence 
of glutamic-oxalacetic acid transaminase in the cabbage preparations. Be- 
audreau (1) detected this enzyme in similar preparations from Black Valen- 
tine beans. 

Oxalacetate Oxidation. Other workers (1, 3) have reported difficulty in 
obtaining oxalacetate oxidation with plant mitochondria. Beaudreau (1) re- 
ported that 2 umoles of oxalacetate caused 88 per cent inhibition of the OÖ, 


uptake induced by 50 umoles of succinate with preparations from Black 
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Valentine beans. With cabbage preparations (Table 2, Experiment 2), 10 umoles 
of oxalacetate caused only 65 per cent inhibition of the O, uptake obtained 
in the presence of 10 umoles of succinate. In addition, oxalacetate induced 
appreciable O, uptake in the cabbage preparations (Table 2, Experiments 
2 and 3). These results may indicate that the subcell particles in the cabbage 
preparations possessed a high degree of structural organization, since this 
could permit oxalacetate to be oxidized without permitting full exposure of 
succinic dehydrogenase to this substrate. 

Fatty Acid Metabolism. About 40 per cent of the radioactivity added as 
palmitate-1-C!? was recovered (as BaC!*O,) from the center wells of War- 
burg vessels after incubation for 6 hours with the cabbage particulate pre- 
paration. The presence of the palmitate in the reaction medium had no 
measurable effect on the rates of O, uptake. No significant radioactivity 
could be found in TCA cycle intermediates on chromatograms prepared from 
extracts of the reaction medium. It appears that release of CO, from palmi- 
tate in these experiments was by some mechanism not involving the TCA 
cycle, as reported by Humphreys, et al. (6) for microsomes from peanut 
cotyledons. It is probable that the cabbage preparations contained micro- 
somes in addition to mitochondria. 


Summary 


Addition of succinate, malate, citrate and a-ketoglutarate to washed parti- 
culate preparations from cabbage caused increases, in total O, uptake, which 
were approximately equal to the theoretical values for complete oxidation of 
these substrates. However, in experiments with succinate-2-C™, only 73 per 
cent of the radioactivity was recovered as CO, when the O, uptake and 
CO, evolution data corresponded to complete oxidation of 98 per cent of the 
succinate. These results suggested that an exchange of endogenous com- 
pounds for TCA cycle intermediates derived from the succinate took place 
during substrate oxidation experiments. 

The cabbage preparations incorporated C4 from succinate-2-C"* into malate, 
pyruvate, citrate and glutamate, and apparently into tricarballylate and 
unidentified amino acids. This gave additional evidence for operation of the 
TCA cycle in the cabbage subcell particles. Tt» preparations appeared to 
contain glutamic-oxalacetic acid transaminase. 

The cabbage preparations catalyzed the formation of CO, from palmi- 
tate-1-C!#, apparently without involvement of the 'CA cycle. 


The authors are grateful to Dr. C. H. Wang for his advice on techniques for 


utilizing radioisotopes. 
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Although the existence of polar auxin transport through plant tissues was 
established over 25 years ago (Went, 1928; van der Weij, 1932) ihe mecha- 
nism of this movement remains unknown. If one could determine what 
physical conditions, metabolic states, and chemical reactions in plants were 
necessary for auxin transport, the problem would be well on its way to 
clarification. 

One approach to the problem is the utilization of synthetic or naturally- 
occurring compounds which can alter the polar transport system. It has been 
established (Niedergang and Skoog, 1952; Niedergang, 1954; Niedergang- 
Kamien and Skoog, 1956; Hay, 1956) that TIBA (2,3,5-triiodobenzoic acid) 
is one of a number of synthetic compounds which inhibit polar auxin trans- 
port. In addition, it appears that there are naturally-occurring substances in 
some plant parts which also inhibit polar transport (Leopold and Guernsey, 
1953). In the work reported here, various synthetic compounds have been 
utilized to inhibit polar transport, and these inhibitions have been compared 
with respiratory rates of the tissues. Such comparisons permit deductions as 
to what relationship may exist between polar auxin transport and respiratory 


processes. 


Methods and Materials 


Sunflower plants 3 weeks old were used as experimental material. At this stage 
the first pair of leaves had expanded to about °/4 of their final size. The stems were 
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severed 2—3 cm below the cotyledons and the shoots placed for four hours with 
their lower portion in the solution to be tested in order that the solution could be 
taken up in the transpiration stream. Then the tissue which had been immersed in 
the solution was discarded and 5 mm sections were cut from the first internode 
above the cotyledons. Respiration and auxin transport were measured simultaneously 
on identical samples. 

For respiratory studies, the fresh weights were taken and the sections placed in 
Warburg flasks containing water or 105 M IAA (indoleacetic acid) with KOH in 
the center well. Respiratory rates were measured for 2 hrs. at 26°C. 

For the transport determinations, 6 stem sections were placed on plain agar 
receptor blocks (0.132 cm? in volume). Donor blocks of the same volume con- 
taining 10°5 M IAA were placed on top of the sections. Each treatment was set up 
in quadruplicate. After 2—2 1/2 hours, the four receptor blocks from each treatment 
were added to 4 ml. of water in a 5 cm diameter petri dish. The amount of trans- 
ported IAA in the receptor blocks was determined by the pea straight growth test 
using 10 mm pea stem section, 10 per dish. The standard error in the straight growth 

= (A?) 
N(N-1)’ 
ment a control was included to determine whether any leaching of the pretreatment 
chemicals occurred which could affect the subsequent pea straight growth test. 
This control consisted of treated sections placed on plain agar receptor blocks for 
the same period as the group receiving auxin. The receptor blocks were afterwards 
added to 4 ml of 10°” M IAA and any stimulatory or inhibitory effect of the chemical 
could thus be detected. 


tests, determined by was never greater than +0.3 mm. In each experi- 


Results 


Dinitrophenol (DNP) has been shown to uncouple the phosphorylative or 
energy-transfer reactions from the oxidative reactions in respiration. A symp- 
tom of this uncoupling action is an increase in oxygen uptake. Niedergang 
(1954) has described the inhibition of auxin transport by DNP. In order to 
compare the effect of DNP on respiration and on auxin transport, sections 
were treated with various concentrations and appropriate measurements 
taken as shown in Figure 1 and table 1. 


Pretreatment with 105 and 10-4 M DNP promoted respiration of the sun- 
flower tissue 24 and 36 per cent respectively while higher concentrations 
(107% M) were inhibitory. At the concentration of DNP which gave the 
greatest increase in respiration (10-4 M), a 75 per cent inhibition of auxin 
transport was obtained (table 1). With the higher concentrations, which 
inhibited respiration, auxin transport was entirely prevented. 


It has been generally assumed that auxin transport is dependent on respira- 
tion. In the light of these data and our present knowledge of the effects of 
DNP, it might be more precise to say that auxin transport is dependent upon 
energy production and transfer. The results with DNP show that auxin 
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Figure 1. Effect of dinitrophenol on respi- 
ration of sunflower stem tissue. 


transport can be inhibited while oxygen uptake is actually increased, most 
probably as a consequence of impaired energy transfer. 

Certain inhibitors of the sulfhydryl reacting type were investigated next. 
Iodoacetate was the first of this group to be tried and the effects on respira- 
tion and auxin transport are shown in table 2. In some experiments, iodo- 
acetate had no appreciable effect on the rate of respiration even at applied 


Table 1. Effects of dinitrophenol on respiration and auxin transport. (Growth of control 
sections in pea test, 1.6 mm) 


Conc. DNP M 
Effects studied - 
0 | 10-5 | 30-4 | 10-3 
Respiratory rate (ul O2/hr/gm) ....... 132 164 179 | 10 
Respiratory promotion or inhibition °/o = +24 + 36 | — 92 
Growth above control (mm) ......... 1.2 | 1.0 | 0.3 | 0 
Transport inhibition /o .............. = 17 75 100 


Table 2. Effects of iodoacetate on respiration and auxin transport. (Growth of control 
sections in pea test, 1.3 mm) 


Conc. Iodoacetate M 
Effects studied - 
0 | 10-5 | 10-4 | 10-3 
Respiratory rate (ul O2/hr/gm) ....... 170 157 | 172 167 
Respiratory promotion or inhibition °/o = — 6 +1 — 2 
Growth above control (mm) ......... 1.9 1.4 1.6 0.4 
— 26 16 79 


Hransportanhibitiont/0. 2.0" ...0... 
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Table 3. Effects of para-chloromercuribenzoic acid on respiration and auxin transport. 
(Growth of control sections in pea test, 1.9 mm) 


Conc. p-chloromercuribenzoic acid M 
Effects studied r SE er es 
EB he are ds A u en Beh nn AM Se no 
i 162 
Respiratory rate (ul O2/hr/gm) ....... 136 139 139 
Respiratory promotion or inhibition °/o = +2 +2 +19 
Growth above control (mm) ......... 0.4 0.9 0.3 0 
Transport inhibition °/o.....--...-... — 0 25 100 
Ave. of 6 experiments: 
Growth above control (mm) ......... 1.3 — 1.0 0.7 
| Transport inhibition %/0 .............. — — 23 46 


concentrations as high as 10% M. Nevertheless, as the data in table 2 show, 
auxin transport was inhibited at all the concentrations used. In other experi- 
ments higher levels of effectiveness were obtained, 10-2 M iodoacetate in- 
hibiting respiration as much as 58 per cent and transport 100 per cent. It 
should be noted, of course, that the actual concentrations of iodoacetate in 
the tissue are unknown. The concentrations indicated in the tables refer to 
the solutions taken up by the transpiration stream. The internal concentra- 
tions attained clearly inhibited auxin transport at levels which had no 
measurable effect on respiration. 

p-Chloromercuribenzoic acid (PCMB) is a commonly used sulfhydryl in- 
hibitor, and the effect of this compound on respiration and auxin transport 
is shown in table 3. One experiment is reported in detail and the results of 
six others are summarized. The data show consistent inhibitions of auxin 
transport at concentrations of 10”? and 10°? M, averaging 23 and 46 per cent 
inhibition respectively. Respiration was uninhibited at concentrations of 
10°? M PCMB. It can be seen that the polar transport of auxin was inhibited 
by PCMB more markedly than was respiration. 

Phenyl mercuric chloride, another sulfhydryl inhibitor, had a much more 
pronounced effect than did PCMB. This is in agreement with the report by 


Table 4. Effects of phenyl mercuric chloride on respiration and auxin transport. (Growth 
of control sections in pea test, 2.9 mm) 


mm ee 
Conc. i i 
sii feckaretnated onc. phenyl mercuric chloride M 
0 | -10-5 | 10 | 40-3 
a ee EEE 
Respiratory rate (ul Oo/hr/gm) ....... 146 148 | 175 165 
Respiratory promotion or inhibition ®/o = al +20 +13 
Growth above control (mm) ......... 1.6 17 0.8 0.1 
Transport inhibition Yo .............. == | 0 50 94 
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Table 5. Effects of N-ethylmaleimide on respiration and auxin transport. (Growth of control 
sections in pea test, 1.8 mm) 


nen 


oe ae 
Ertsorsr studied onc. N-ethylmaleimide M 

0 | 10-5 | 10-4 | 10-3 
Respiratory rate (ul O2/hr/gm) ....... 162 140 151 145 
Respiratory promotion or inhibition °/o == — 14 — 7 — 11 
Growth above control (mm) ......... 2.2 1.8 17 0.8 
transport imbibition Yo .,............ — 18 23 64 


Thimann and Bonner (1949) that plant tissue is more sensitive to phenyl 
mercuric chloride than to PCMB or iodoacetate. Table 4 shows that 94 per 
cent inhibition of auxin transport was obtained by pretreatment with 10-3 M 
phenyl mercuric chloride. Respiration was not inhibited, but rather promoted 
13 per cent by the same treatment. 

Maleimides have been shown to react strongly with compounds containing 
sulfhydryl groups (Friedman et al., 1949) and several were reported by van 
Overbeek et al. (1955) to have pronounced inhibiting effects on plant growth. 
It was, therefore, of particular interest to investigate one of these. From 
experiments with N-ethyl maleimide (NEM) shown in table 5, it can be seen 
that, as with the other sulfhydryl reacting compounds used, there was 
definite inhibition of transport. The effect on respiration was considerably 
smaller than the effect on transport. 

TIBA (2,3,5-triiodobenzoic acid) is another compound which has been 
found to possess sulfhydryl inactivating powers (Leopold and Price, 1955), 
and this compound is particularly interesting for the purposes of the present 
study because of its disruption of the inherent polarity of tobacco tissue 
cultures (Niedergang-Kamien and Skoog, 1956). The treatment of sunflower 
stem tissue with TIBA at concentrations of from 10~° to 10°? M (table 6) 
resulted in small promotions of respiration while auxin transport was almost 


entirely prevented. 


Table 6. Effects of 2,3,5-triiodobenzoic acid on respiration and auxin transport. (Growth 
of control sections, 1.6 mm) 


cr LE m 


Conc. TIBA M 
Effects studied - ———— 
0 10 ANT er, 10-3 
Respiratory rate (ui O2/hr/gm) ....... 122 146 122 168 | 
Respiratory promotion or inhibition °/o = + 20 | 0 + 38 | 
Growth above control (mm) ......... 17 02 | 0 0 
Transport inhibition °/o .............. _ | 88 100 | 100 
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Table 7. Effects of potassium cyanide (KCN) on respiration and auxin transport. (Growth 
of control sections ,1.6 mm) 


gg) 
Conc. KCN M 


Effects studied | 


Respiratory rate (ul O2/hr/gm) 
Respiratory promotion or inhibition °/o — 1 


Growth above control (mm) . 
| Transport inhibition ©/0 .............. — 


Selecting quite a different type of respiratory inhibitor, experiments were 
carried out with potassium cyanide (KCN). This material produced rather 
inconsistent results, with respect to both respiratory and transport inhibi- 
tions. Sample data are presented in table 7, where moderate inhibitions of 
both respiration and auxin transport are demonstrated. While such inhibi- 
tions were not obtained in every test, respiratory inhibition was always 
associated with transport inhibition. 

It might be argued that these data can be interpreted as reflecting an 
inhibition of auxin uptake and do not unequivocally demonstrate that trans- 
port is the process inhibited. This interpretation of the results could follow 
from the recent work of Reinhold (1954) and Johnson and Bonner (1956) 
who have shown that the continued uptake of IAA into pea epicotyls and 
Avena coleoptiles could be prevented by various metabolic inhibitors. 

To check this point the following experiments were made. The basal ends 
of 5 mm sunflower stem sections were treated with 2 ul of water, TIBA, 
DNP, or NEM applied with an Agla micrometer syringe. After 30 minutes 
1075 M IAA in agar was applied to the apical ends for the transport interval 
of 2 hours. Table 8 shows that the receptor blocks from the sections treated 
with the various inhibitors contained 75—100 per cent less IAA than the 
water-treated controls. However, it might still be maintained that the in- 


Table 8. Effect of pretreatment of the basal end of 5 mm sunflower stem sections on 
auxin transport. 
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en EEE EEE nn ie un nn 
Exp. No. Den Growth of control Growth above Transport inhibi- 
in pea test, mm control, mm tion °/o 
Te Al Fr TE en al N 
60 2.8 
H20 1.3 
10-5 M TIBA 0.3 76 
64 2.1 
H20 0.8 
10-5 M TIBA 0.2 75 
10-3 M DNP 0 100 
10-3 M NEM 0.2 75 
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Table 9. Effect of pretreatment of the basal end of 1 cm. sections on apex to base 
transport of IAA through the apical and basal halves of the sections. 2 ul solution applied 
to each section. 


oo 


Growth of | Growth above control, an LA 
Exp. No. |Pretreatment | control in mm AE NE 
pea test, mm| Apical Basal | Apical Basal 
N12 2.2 
H20 1.2 17 
1075 M TIBA 12 0.2 0 82 
N76 3.1 
H20 ted 1.0 0 80 
10-5 M TIBA 1.4 | 0.2 
N68 3.5 | 
H20 0.3 | 0.5 
10-3 M DNP 0.8 ı 0.0 0 100 
10-3 M NEM 0.8 | 0.1 0 80 
N70 3.3 
H20 1.5 0.9 
10-3 M DNP 1.3 0.1 13 89 
10-3 M NEM 1.5 0.6 0 33 


hibitors were present at the apical end of the sections in sufficient concentra- 
tion to prevent uptake. 

To further investigate the possible interfering effects of altered uptake, 
1 cm sunflower stem sections were treated at the basal end as before, and 
subsequently cut in two. Auxin transport was then determined separately in 
the apical and basal halves. Table 9 shows that pretreatment with TIBA, 
DNP, or NEM inhibited transport 80—100 per cent in the basal halves and 
did not effect transport in the apical halves. It appears, then, that under 
these conditions TIBA, DNP and NEM are localized at the basal end of the 
section where they would not be expected to interfere with auxin uptake at 
the upper end. It follows that in basally-treated 5 mm sections the con- 
centration of the pretreatment chemicals would be low at the apical ends and 
uptake by these stem sections consequently unaffected. 

The conclusion that transport is specifically altered is further supported 
by the results of Niedergang-Kamien and Skoog (1953) who showed by 
determinations of the IAA in the apical and basal halves of TIBA-treated stem 
sections that polar transport had in fact been stopped. 


Discussion 


The concept that polar transport of auxin is a process dependent upon 
respiration has been based largely on indirect evidence. Early work by Bon- 
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ner (1936) indicated that apparent transport of IAA into cut Avena coleoptile 
sections did not occur under anaerobic conditions. The procedure did not 
permit a clear distinction between uptake and transport. Many subsequent 
investigators found that flaccid or dead tissue no longer possessed the capa- 
city to transport auxin, which might be explained as a consequence of loss 
of respiratory activity. 

DuBuy and Olson (1940) reported that treatments with KCN and DNP 
resulted in inhibitions of protoplasmic streaming, respiration, and auxin 
transport to the same extent. No increase in respiration with DNP (1—100 
mg/l) was reported, a surprising result since such an effect is generally 
obtained with moderate DNP treatments. 


Recently, Gregory et al. (1955) have shown that auxin transport through 
apple stem sections is inhibited when O, tension is lowered. This is a further 
indication that transport depends upon aerobic metabolic processes. How- 
ever, Clark (1938) showed that transport could also be specifically inhibited 
by treatments with sodium glycocholate which did not affect respiration, 
protoplasmic streaming, growth, or electrical polarity. 

The data reported in this paper further support the concept of specific 
inhibition of auxin transport. It was shown that TIBA, in addition to the 
well-known sulfhydryl inactivating compounds such as iodoacetate, p-chloro- 
mercuribenzoic acid, phenyl mercuric chloride, and N-ethylmaleimide, in- 
hibited transport at concentrations which did not inhibit respiration to the 
same extent, if at all. It is suggestive that five of the transport inhibitors 
described here are sulfhydryl inactivating poisons. Of course, whenever 
these substances were used at concentrations which inhibited respiration, 
auxin transport was also inhibited. It is interesting to note that the more 
marked effect of iodoacetate on transport than on respiration is similar to 
the results reported by Commoner and Thimann (1941) for growth and 
respiration, growth being almost completely inhibited while respiration was 
only slightly affected. 

The respiration inhibiting treatments with DNP, KCN, and the various 


sulfhydryl inhibitors invariably produced an inhibition of auxin transport, 
presumably as a consequence of the interference with respiration and the 
resulting lowered energy production. The results obtained from the experi- 
ments with DNP are the most direct evidence available that auxin transport 
is an energy-requiring process. The strong inhibitions of transport by the 
sulfhydryl inhibiting compounds — especially TIBA — suggest in addition 
that transport of auxin can be inhibited more specifically than through a 
general interference with respiration. 
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Summary 


The effects of various chemicals on polar auxin transport and respiration 
rates of sunflower stem sections were compared. It was found that: 

1. Dinitrophenol inhibited auxin transport almost completely at concentra- 
tions which stimulated respiration. 

2. Sulfhydryl-inactivating compounds (iodoacetate, p-chloromercuriben- 
zoic acid, phenyl mercuric chloride, n-ethylmaleimide and triiodobenzoic 
acid) strongly inhibited auxin transport at concentrations which did not 
inhibit respiration. 

3. When respiration was inhibited by KCN, DNP, or the sulfhydryl- 
inactivating compounds, auxin transport was also inhibited. 

The conclusion is drawn that polar auxin transport is inhibited by treat- 
ments which inhibit respiratory processes, and it may also be more speci- 
fically inhibited by various sulfhydryl-inactivating compounds. 


The helpful suggestions and constructive criticism given by Dr. Carl A. Price during 
the course of this investigation are acknowledged with thanks. 

This investigation was supported in part by a research grant. C-2204, from the 
National Institutes of Health, U. S. Public Health Service. 
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Considerable research is now being done on indoleacetic acid (IAA) meta- 
bolism. Quantitative determination of IAA as such (rather than as gross 
auxin activity) has thus become a routine requirement. In 1951, Gordon and 
Weber described a modification of the Fe-H,SO, test for IAA (Salkowski, 
1885; Tang and Bonner, 1947) which enhanced sensitivity and specificity 
of the assay. Essentially, it consisted of adding a perchloric acid solution of 
ferric ion (Salper reagent) to IAA in aqueous solution. We have since found 
that this procedure may be extended to solutions of JAA in organic solvents, 
increasing the sensitivity and utility of the colorimetric reaction. The present 
communication describes this extension and its use with the chromatographic 
resolution of plant extracts to yield a straightforward technique for the speci- 
fic colorimetric assay of IAA. 


Colorimetry 


The colorimetric determination for IAA now suggested is as follows: 


1. To 1 ml of organic solvent containing the IAA add 2 ml of Salper reagent (1 ml 
of 0.5 M FeCl, in 50 ml 35 °/o HCIO, (C.P. redistilled)). Ether should be treated 
to remove peroxides (Larsen, 1955; Siegel and Weintraub, 1952). Alcohol should 
also be purified, for example by distillation from powdered Zn and KOH. The 
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ABSORBANCY 


[e) 20 40 60 80 100 120 140 160 180 200 220 
MINUTES 


Figure 1. Stability of the IAA-Salper chromophore with ether, methanol, and acetone as 

solvents. 5, 10, and 20 ug IAA in ether (0 —-0) and methanol (4—-—4); 20 ug IAA in 

acetone (X--X); 10 ug IAA in ether heated after color development (®-—®). Absorbancies 

were measured at 535 mu for ether and acetone, and 530 mu for methanol with a Coleman 
Model 14 Spectrophotometer and 1 cm cells. 


Salper reagent should be rapidly added dropwise with continuous agitation of the 
mixture. 


2. Measure absorbancy at 535 mu after 35 minutes for diethyl ether and at 530 mu 
after 60 minutes for methanol against a solvent-reagent blank. To increase sensi- 
tivity, the reaction mixture with ether may be heated, after color development, in 
boiling water for 30 seconds and cooled 3 minutes in iced water. 


Color stability. — Figure 1 shows the stability of the chromophore devel- 
oped on the addition of Salper reagent to solutions of IAA in ether, methanol, 
and acetone. Color stability is achieved at about 35 minutes with ether and 
at about 60 minutes with methanol solutions. Other organic liquids tested 
as solvents for IAA and found miscible with the reagent were: acetone, 
n-butanol, dioxane, ethyl acetate, ethylene glycol, ethylene glycol-monoethyl 
ether, ethylene glycol-diethyl ether, isopropyl alcohol, and phenoxyethanol. 
However, the absorbancy of the IAA chromophore in the above solvents was 
lower than in diethyl ether. Amyl acetate, benzene, bromobenzene, butyl 
ether, carbon tetrachloride, chloroform, ethylene dichloride, isoamyl alcohol, 
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ABSORBANCY 


| ae | 
(0) 10 20 30 40 


MICROGRAMS IAA 


Figure 2. Absorbancy-concentration curves for 2 ml Salper reagent added to IAA in 1 ml 

ether with (®——®), and without (0 —-O) subsequent heating, methanol (A—-—A), and 

water (L--[). Absorbancies measured after 35 minutes at 535 mu with ether, after 35 

minutes at 527 mu with water, and after 60 minutes at 532 mu with methanol against 
blanks of reagent plus solvent. 


isopropyl ether, methyl sulfoxide, methylene chloride and pyridine were also 

tried but were found to be immiscible with the Salper reagent. 
Concentration-absorbancy curves. — The curves for IAA in ether, methanol, 
and water solutions given in Figure 2 indicate that Beer’s Law is followed 
to a least 20 micrograms IAA per ml solvent. As indicated by Figures 1 and 2, 
heating of the reaction mixture with ether, after color development, yields 
an increase in sensitivity. The heating procedure appears of utility where 
low concentrations of IAA are encountered. The slopes of the concentration 
curves may be compared as an index of relative sensitivity: 0.024 for metha- 
nol, 0.033 for water, 0.040 for ether, and 0.046 for ether with subsequent 
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Table 1. Apparent IAA yields obtained from the enzymatic conversion of L-tryptophan as 
determined with the Salper reagent. 


IAA/ml digest/hour Maximum absorption 
; ug x 10-21 band mu 
STE Direct Differential Direct Differential 
Salper ? Salper ? Salper Salper 
| 

Unresolved acid fraction ......... 100 80 533 534 
Chromatographed acid fraction 

Eluate of whole chromatogram 40 32 532 535 

Eluate of IAA segment ........ 17 Lie 534 535 

Eluate of remainder .......... 23 17 534 535 


1 Absorbancies wefe converted to ug IAA from concentration curves obtained with pure 
IAA. 

2 2 ml of Salper reagent was added and the absorbancy was read at 532 mu after 35 
minutes. 

3 1.9 ml of 35 °/o HClO4 was added and the absorbancy was read after 35 minutes; then 
0.1 ml of 0.2 M FeCl3 was added and the absorbancy increment at 532 mu was measured 
after 35 minutes. 


heating. Linser and Maschek (1953) have used the perchloric acid reagent 
with solutions of IAA in ethanol. As indicated by the absorbancy values they 
reported, the sensitivity is of the same order as we obtained with methanol. 
We have concluded that the most intense and stable color results when ether 
is used as a solvent for IAA in the Salper reaction. 

Specificity with plant extracts. — Holley et al. (1951) were among the 
first to point out that the development of color with the Fe-H,SO, reagent 
could not be correlated with auxin activity. Though the Salper reaction is 
relatively specific (Gordon and Weber, 1951), it is unacceptable for un- 
resolved plant extracts. Also unacceptable are techniques involving the 
separate addition of reagent components, or the measurement of absorption 
differences between samples to which whole reagent and acid alone had 
been added (cf. Hinsvark et al., 1954; Wildman and Bonner, 1948). These 
criticisms are illustrated by the following experiment. 

A leaf enzyme preparation was incubated with L-tryptophan to produce 
IAA. One portion of the ether-soluble acidic components of the incubation 
was assayed directly by the addition of Salper reagent. A second portion 
was spotted on a strip of Whatman No. 1 paper in a nitrogen atmosphere 
and chromatographed with isopropanol-ammonia (28 °/o aq.)-water 8:1:1 
v/v for 24 hours. All of the chromatogram was moistened with 0.2 M KH,PO, 
solution and extracted with ether. Salper reagent was added to this extract. 
A third portion was treated as was the second except that the chromatogram 
was cut into two sections for extraction with ether: the segment containing 
the IAA, and the remainder of the chromatogram. Table 1 shows that only 
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a fraction of the apparent IAA content of the unresolved mixture is really 
IAA. At most, only 40 per cent of the extract is IAA by direct Salper deter- 
mination; by differential Salper determination it is, at most, 50 per cent. 
The table also provides further evidence that substances other than IAA 
form chromophores similar to that of IAA, and emphasizes the necessity of 
preliminary resolution of mixtures before colorimetric assay (cf. also Table 4). 


Chromatography 


Chromatography is now widely employed for the separation of auxins 
from heterogeneous extracts (Gordon 1954; Larsen, 1955; Sen, 1955). It 
may be used in conjunction with the ether modification of the Salper reac- 
tion, taking advantage of the sensitivity of the reaction and compensating 
for its lack of specificity. The following chromatographic procedure has 
proved to be satisfactory. An extract is taken up in a known quantity of 
purified methanoi and two aliquots (usually 25 ul) are spotted 1 inch apart 
as the origins on a 2X 14-inch strip of Whatman No. 1 filter paper. Deposi- 
tion and evaporation of the methanol is facilitated by a stream of nitrogen, 
which also minimizes oxidative decomposition. After equilibration for 4 to 
8 hours, the chromatogram is developed by the ascending technique for 
16 hours at 22°C. We have used n-butanol and isopropanol in mixture with 
28 °/o aq. ammonid and water in 10:1:1 and 8:1:1 v/v ratios for the 
chromatography of extracts (Stowe and Thimann, 1954). Better resolution 
of individual spots and less pigment streaking obtained by using the butanol 
solvent at the 10 : 1 : 1 ratio. After the paper is dried in a hood it is examined 
under ultraviolet light to determine the solvent front. To indicate the posi- 
tion of the IAA spot, one half of the chromatogram (cut lengthwise) is 
sprayed with 0.5 per cent FeCl, in 2 N H,SO, and immediately placed in a 
forced draft oven at 65°C. for 8 minutes (Hacskaylo and Carns). The cor- 
responding spot on the unsprayed half is cut out and eluted. Elution should be 
carried out at a uniform time, i.e., 1 or 2 hours, after removal of the strips 
from the chromatographic enclosure, in order to minimize differences arising 
from the possible oxidation of IAA in air (Kefford, 1955). 

Elution. — The paper segment containing the IAA is eluted by three 
rinses with 2 ml portions of methanol, allowing 5 minutes per rinse. Methanol 
proved to be more effective as an eluting agent than diethyl ether, acetone, 
chloroform, n-butanol, isoamyl alcohol, pyridine, carbon tetrachloride, 
dioxane, ligroin, acidified ether, acidified ethanol, and 0.01 N NaOH. The 
methanol is evaporated over a water bath, leaving the dry residue to be 
taken up in 1 ml ether for the Salper reaction. Table 2 indicates that reco- 
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Table 2. Recoveries obtained after chromatography and elution of pure IAA. 


0/) Recovered after chromatography 
ee saree Isopropanol-NH3-H20 n-Butanol-NH3-H20 
HE (10 :1:1) (10:1:1) 

0.70 110 — 

1.1 100 _ 

2.0 89 ; ‚== 

4.2 a 94 

4.9 91 ae 

91 — | 84 
10 89 — | 
15 96 a 
19 89 92 


veries of about 90 per cent were obtained when IAA alone was carried through 
the complete procedure of chromatography, elution, and assay by Salper 
reagent. 

The reaction of Salper reagent with IAA in methanol may be utilized to 
decrease the time required for assay, though a less intense color is produced 
than with IAA in ether. After development in the butanol system, chromato- 
gram segments containing IAA were cut out and placed in small petri dishes 
that contained 2 ml of methanol. At various times 1 ml samples of the 
methanol solutions were removed and assayed by the addition of Salper 
reagent. The results shown in Table 3 indicate that elution equilibrium was 
approached in about 1 hour with a recovery of about 90 per cent (cf. Table 2). 
This procedure eliminates the necessity of evaporating the methanol and 
taking up the residue in ether, but has the disadvantage of lower sensitivity 
as is indicated by Figure 2. . 

Application to plant extracts. — We considered that a pragmatic test of 
the technique described in the present communication would be its utility 
for the measurement of endogenous IAA in, and recovery of [AA added to, 
plant extracts. Therefore, the recovery of IAA was determined after the addi- 
tion of known amounts to the acid fraction of a “free auxin” extract and to 


Table 3. The release of IAA from chromatogram segments under methanol 
for various lengths of time. 


KK mm — — — — — — — — — 


Time | Per cent IAA recovered 
(minutes) | 10 ug sample | 40 ug sample té 

53 | ee 

59 55 

78 | 90 

88 | 98 
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Table 4. Determination of IAA in the acid fractions of plant extracts. 
OO 


Material bees | 
“Free auxin” extract Incubation extract! 

Direct assay | 

LENOATAA added ur. i. 1.310 12 8.8 

2.10 ug IAA added ..........- 10 15.3 
Chromatographic eluate 

SONORLAA added .::....2:...... trace 2 

4. 10 ug IAA added ............ 8.8 10 


1 Incubation mixture consisted of 42 mg enzyme, L-tryptophan final M .02, tris-(hydroxy- 
methyl) aminomethane final M .025, total volume 10 ml, DRE? 


the acid fraction resulting from the incubation of L-tryptophan with a cyto- 
plasmic enzyme preparation. 


Approximately 50 g of 9-day-old mung-bean seedlings, from which hypocotyls 
and roots had been removed, were dropped into liquid nitrogen, pulverized, and 
extracted with ether at 1—4°C for 2 hours. The acid fraction was divided into 
4 equal portions and evaporated to dryness. Similar portions were obtained after 
incubating L-tryptophan with an enzyme preparation for 1 hour at 30°C. The 
enzyme preparation consisted of a lyophilized supernatant fraction of a mung-bean 
seedling homogenate that had been cenirifuged at 44,000Xg for 4 hours. The 4 
portions of the two acid fractions were treated as follows: 

Portion 1 was taken up in 1 ml ether. 

Portion 2 was taken up in 1 ml ether containing 10 ug of IAA. 

Portion 3 was taken up in 50 ul of methanol; 25 ul was deposited on filter 
paper for chromatography and elution with methanol, while the remainder was 
chrematographed on the same strip and sprayed as a marker. The eluate was 
evaporated and the residue was taken up in 1 ml ether. 

Portion 4 was treated the same as 3, except that the 50 ul of methanol contained 
10 ug of IAA. 


Two ml of Salper reagent was added to the various preparations in 1 ml 
ether. Table 4 gives the results of these assays. The values given in the table 
were obtained by converting experimental absorbancies to ug IAA using a 
concentration curve derived from direct assay of IAA solutions. It may be 
concluded from table 4 that about 85 per cent of the IAA added to two types 
of extracts common in physiological experiments may be accounted for by 
chromatographic resolution and colorimetric assay. From table 2 it may be 
inferred that the loss occurred chiefly in chromatography and elution, a loss 
that could be applied in practice as a correction factor to experimental 
values. While accompanying substances do introduce uncertainties in the 
colorimetric determination of IAA (Platt and Thimann, 1956), the present 
experiments indicate that IAA in plant extracts may be measured with a 
reasonable degree of confidence. 
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Table 5. Elimination by chromatography of catechol interference in the Salper reaction. 


Per cent IAA recovered 


10 ug IAA in presence of: | Chromatography, 


Direct Salper elution, and Salper 


— 100 100 
ASZ10aM catechol Er ME ee 69 99 | 
210% MM catechol EEE ee ce 28 101 | 


It has been emphasized by Platt and Thimann that the presence of reducing 
substances decreases the chromophore formation resulting from the addi- 
tion of Salper reagent to IAA. This was shown for catechol; other phenols 
were also stated to behave similarly, and we have observed comparable 
effects with miscellaneous substances such as glutathione, cysteine, glucose, 
and ascorbic acid. The catechol effect is shown again in Table 5. The table 
also shows, however, that the chromatographic technique outlined above 
will effectively eliminate catechol interference. It may be inferred that the 
effect of other reducing compounds can also be eliminated with this tech- 
nique unless they travel with IAA during chromatography. In such instances 
a different solvent system for chromatography should be used. 

Platt and Thimann also found that color development in the Salper reac- 
tion is greatly affected by exposing the Salper reagent to about 500 f.c. light 
(fluorescent tube) either before or after addition to a sample (cf. also Linser 
and Maschek, 1953). We have found that ordinary laboratory illumination 
(mixed window and incandescent) of about 25—50 f.c. at work level has no 
appreciable effect on either the reagent or the IAA-Salper chromophore. 
However, in view of their findings, low actinic glassware might be used to 
prevent exposure of the reagent or reaction mixture to light of higher intensity. 


Summary 


The Fe-HCIO, reaction for the assay of IAA has been extended to organic 
solvents, resulting in increased sensitivity and utility of the reaction. Direct 
colorimetric determinations of IAA in plant preparations are demonstrated 
to be inaccurate. However, by coupling the colorimetric assay with chro- 
matography and elution, it is shown that IAA may be resolved from mixtures 
and quantitatively estimated. The method gives a less equivocal measure of 
IAA in plant extracts and enzymatic preparations than does direct colori- 
metry. 


We are grateful to Marcia Eib for her assistance in this investigation. 


The work was performed under the auspices of the U.S. Atomic Energy Com- 
mission. 
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Introduction 


In studying metabolic processes in mitochondria isolated from fruits we 
were guided by the dual objective: (a) the characterization of the biochemical 
reactions, and (b) the search for a relationship between these reactions and 
the problem of ripening and senescence. A mature fruit detached from the 
tree maintains its respiratory activity for a considerable time interval. It is 
a self sufficient organ rich in respiratory substrates and equipped with 
enzymes and cofactors. Knowledge gained from the intact fruit has been 
limited to studies of the overall process of gas exchange as influenced by 
environmental conditions and by respiratory stimulants and inhibitors. The 
intact fruit cell shows little or no response to the addition of substrates or 
cofactors. New opportunities for investigating the mechanism of respiration 
in fruits were opened up with the modern techniques of isolating plant mito- 
chondria by differential centrifugation. 

Mitochondrial preparations capable of oxidizing one or more Krebs cycle 
acids were prepared by Laties (17) from cauliflower buds; by Millerd, et al. 
(23) from mung bean seedlings; by Brummond and Burris (10), and by 
Conn and Young (13) from lupine seedlings; by Stafford (29), and by 
Davies (14) from pea seedlings; by Hackett and Simon (15) from Arum 
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spadix; by Price and Thimann (26) and by Tager (30) from oat seedlings; 
by Lieberman and Biale (19) from broccoli buds; by Beaudreau and Rem- 
mert (3), and by Beevers and Walker (4) from bean seedlings; and by Lieber- 
man and Biale (20, 21) from sweet potato tubers. Smillie (28) was successful 
in obtaining active particles from non-etiolated pea seedlings. The first reports 
of metabolic reactions by mitochondria from fruits were made concurrently 
for the apple by Pearson and Robertson (25) and for the avocado by Biale, 
Millerd, and Bonner (8). The activity of the apple particles was limited to 
succinate oxidation, while the particulate fraction of the avocado was shown 
to oxidize several acids of the Krebs cycle and to carry on phosphorylation. 

In view of the promising early results, we have undertaken systematic 
studies which, in addition to this paper, cover also the participation of cyto- 
chrome C in the electron transport chain (11), the operation of the tricar- 
boxylic acid cycle (1), ripening and the supernatant factor (27), formate and 
glutamate oxidation (12), and oxaloacetate effects on the oxidation of pyru- 
vate and succinate (2). 

In this report we wish to lay the background for the succeeding publica- 
tions since the preparative procedure and the basic cofactors were essentially 
the same in all experiments. 


Materials and Methods 


The Fuerte avocado, a variety which resulted from a cross of Persea americana 
by drymifolia, was used in this study. The mature fruit is composed of 15 to 25 per 
cent fat, 0.25 to 0.50 per cent sugars, and 2.0 to 2.5 per cent protein on a fresh 
weight basis. The protein content of the avocado is one of the highest among fruits 
reported. The material was obtained either from the University orchard or from a 
commercial packing house which received the fruit immediately after harvesting. 
If not used at once the fruit were placed at 5°C to arrest the ripening process. For 
the studies reported in this paper the fruit could be kept for at least two weeks at 
a low temperature before use. In order to obtain preparations with consistent 
activity, the fruit should be picked after December 15, in Southern California. Early 
season fruit tend to give preparations which do not show the constancy of oxidation 
or the high rates characteristic of midseason and late season fruit. 

The particulate enzyme suspension was prepared according to the scheme out- 
lined in Figure 1. One or two hard avocados were cooled to about 0°C, peeled and 
grated through a grater with holes approximately 3 mm in diameter. One hundred 
fifty grams of grated tissue was homogenized with 300 ml of sucrose or sucrose- 
phosphate in a Waring blendor. In most of the experiments reported here the con- 
centration of sucrose was 0.5 M, but in more recent studies it was reduced to 0.25 M 
without altering the results. Time of blending was 60 seconds at 46—47 volts as con- 
trolled by a variac; at this speed no suction cone was formed. This method of 
grinding left much tissue intact. The juice was squeezed out of the blendate through 
four layers of cheesecloth. with the aid'of a potato: masher. The 300 ml of homo- 
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PREPARATION OF AVOCADO PARTICLES 
Bie O3G 


AVOCADO FRUIT 


| peel and grate 


150g TISSUE + 300mi SUCROSE 
| blend and filter 


HOMOGENATE (H) 
centrifuge Smin. at 500xg 


+ on heal 


PRECIPITATE (P,) SUPERNATANT (S,) 
centrifuge 15 min. 
ot 17,000 xg 


Figure 1. Scheme for prepara- 
PRECIPITATED SUPERNATANT (Sp) tion of metabolically active par- 


PARTICLES (Po) ticles from the avocado fruit. 


genate were divided into four 100 ml lusteroid tubes and centrifuged at 500g 
(1800 RPM) for 5 minutes on an International centrifuge, size 1. The fat separated 
on the top was removed by suction. No distinct phase boundary was formed, but the 
bottom 10 ml containing large cell fragments and unbroken cells were discarded. 
Thé supernatant was transferred to 50 ml lusteriod tubes and spun in a Servall 
SS1A centrifuge at 17000Xg (12000 RPM) for 15 minutes (110 volts controlled by 
a variac). The supernatant was removed by suction. In all cases in which a second 
washing was used, the precipitate in each tube was suspended with 20 ml sucrose 
or sucrose-phosphate by means of a lucite pestle made to fit the centrifuge tubes. 
The centrifugation which followed was also at 17000Xg. The precipitate from the 
tubes was transferred with 4 of 5 ml of sucrose to the cup of a 10 ml Potter type 
homogenizer (Arthur H. Thomas Co. size A) kept in an ice bath. The combined 
precipitates were resuspended with the aid of a Teflon pestle powered by a slow 
speed motor. 

- Aliquots of 0.5 ml of the final suspension were transferred to 15 ml conical 
Warburg vessels containing 0.01 M phosphate buffer at pH 7.1, 0.02 M substrate, 
0.001 M or 0.006 M magnesium, 0.001 M adenylate and 0.5 M or 0.25 M sucrose as 
the basic reaction mixture. The total volume of the reaction mixture was 3 ml. 
Oxidations were followed by the Warburg manometric technique with readings 
taken at 10 minuté intervals for 90 to 120 minutes on duplicate samples. The 
results are reported as Qo, (N), which designates microliters of oxygen under 
standard conditions per mg nitrogen per hour. These values were normally cal- 
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culated on the basis of the first 60 minutes. In many instances constant rates were 
obtained for 90 minutes and in several cases for 180 minutes. Nitrogen determina- 
tions were made by nesslerization according to the procedure of Thompson and 
Morrison (31), with the following simplification. The 0.5 ml aliquot was diluted 
to 25 ml with water (to obtain 50 to 150 micrograms of N per one ml). One ml of 
the diluted suspension was digested in a Taylor tube in the presence of 12 meq of 
sulfuric acid and catalyst. After clarification the digest was diluted with 25 ml of 
water, one drop of phenolphthalein (25 mg per 100 ml of 50 °/o alcohol) added, and 
neutralized to a faint pink color. The volume was made up to exactly 35 ml; one ml 
of Nessler reagent and 5 ml of 1.25 N NaOH were added. The entire operation, 
including digestion and nesslerization were carried out in a single tube. 

For phosphorylation studies 10 ml Erlenmeyer flasks were filled with the same 
reaction mixture as the Warburg vessels in order to determine the initial concentra- 
tion of inorganic phosphate. The procedure adapted was to add 0.5 ml of enzyme 
suspension to each of the reaction vessels and place them in a Warburg bath. While 
these vessels were equilibrating, 0.5 ml of the particles was placed in each of the 
Erlenmeyer flasks, mixed rapidly and one ml was removed at once and added to 
conical centrifuge tubes cotaining 2 ml of 1.5 N HCl kept in an ice bath. At the end 
of the oxidation measurements, which consisted normally of six readings at five 
minute intervals, one ml was removed from each Warburg vessel and placed in the 
centrifuge tubes with cold HCl. The time was arranged so that there would lapse 
precisely a 40-minute period between the addition of the enzyme suspension and 
the inactivation of the reaction by acid. Extrapolation of the oxidation rates to 
40 minutes was justified on the basis of the constancy of the oxidative activities. 
The protein from the suspension in HCl was precipitated by centrifugation for five 
minutes at 2000Xg at 0°C. One ml was removed from the supernatant for phos- 
phate determination according to the method of Bernhart and Wreath (5). The 


ER 9 
difference in micrograms of P between final and initial readings was multiplied 31 


Ben fator) to give microatoms of inorganic orthophosphate removed from 


(atomic weight of P) 
3 ml of the reaction vessel mixture during the 40-minute test. 

Sources for chemicals: a-ketoglutarate from California Foundation for Biochemical 
Research; citrate, succinate, malate and fumarate from the Eastman Co.; pyruvic 
acid obtained from Eastman was converted into sodium salt and recrystallized; 
adenylates from Pabst Laboratories; cytochrome c from Sigma Chemical Co.; DPN, 
TPN, DPT from Nutritional Biochemicals; DNP from Eastman Co. and recrystallized. 

Abbreviations: AMP, adenosinemonophosphate; ADP, adenosinediphosphate; ATP, 
adenosinetriphosphate; DPN, diphosphopyridine nucleotide; TPN, triphosphopyridine 
nucleotide; DPT, diphosphothiamine; DNP, dinitrophenol. 


Experimental Results 


Preparative procedure 


Our method of preparation differs from that of Laties (17) for cauliflower 
buds, Millerd et al. (23) for mung bean hypocotyls, Davies (14) for pea 
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Figure 2. Effect of blending speed on the oxidative activities of cytoplasmic particles of 
the avocado fruit. Blending speed controlled by voltage (v) on rheostat. 


seedlings, and from Millerd, Bonner and Biale (24) for the avocado in the 
use of the blender in place of mortar and sand. The blender affords a greater 
degree of standardization and more speed in preparation of the homogenate. 
It is also a more convenient tool than the mortar for preparing suspensions 
with a high nitrogen content from large quantities of the material. 


The speed of blending was highly critical, as shown in Figure 2. The 
a-ketoglutarate oxidase was more sensitive to the higher speeds than succino- 
oxidase. We do not know whether this phenomenon is to be ascribed to 
destruction of particles or to excessive aeration and possible oxidation of 
SH group essential to be kept in the reduced state. Microscopic observations 
have not supplied evidence for the effects of blending speed. In general the 
particles varied from 3 mierons to the limit of visibility and exhibited rather 
irregular shapes with spheres predominating. The staining attempts with 
Janus Green B met with little success. The contention that these particles 
are mitochondrial has to be based on the accepted technique of differential 
centrifugation and on comparative biochemical grounds rather than on cyto- 
logical evidence. 
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The homogenizing medium 


In most of the studies reported here we followed the lead of Laties (17) 
and used 0.5 M sucrose for homogenizing the grated avocado material in 
the Waring blender. The comprehensive study by Laties emphasized the 
requirements for high tonicity in the preparative medium and in the final 
suspension. Phosphate buffer was not required for the cauliflower prepara- 
tions. On the other hand, Millerd (22), using etiolated seedlings of mung 
bean, stressed the need for the presence of phosphate in the grinding medium. 
She did obtain higher values of succinate oxidation in the absence of phos- 
phate, but contended that pyruvate oxidase and the phosphorylation mecha- 
nism were affected. Beaudreau and Remmert (3) considered a 0.1 M phos- 
phate in the grinding medium as essential for citrate oxidation. 

We decided to reinvestigate the question of the requirement for phosphate. 
For this purpose two or three avocados were grated, mixed, and 150 gram 
portions blended with 300 ml of each of the following solutions: (a) 0.5 M 
sucrose, (b) 0.5 M sucrose+0.01 M phosphate, (c) 0.4 M sucrose+0.1 M 
phosphate. The pH values of these preparations after blending were 6.7, 6.9. 
and 7.1, respectively. We established previously that variations in pH in the 
range of 6.0 to 7.5 in the blending medium did not affect oxidative activity 
of succinate and a-ketoglutarate. In table 1, the results of several experiments 
with phosphate are summarized. The differences obtained as a result of 
using different homogenizing media are of dubious significance in the case 
of malate and citrate. The results of succinate and a-ketoglutarate oxidation 
suggest the need to investigate further the phosphate requirement, though 
high activities were observed with these acids when sucrose alone was the 
homogenizing medium. It is reasonable to conclude that the avocado tissue 
contains a more effective buffer system than some of the other materials 
and is not damaged by vacuolar contents when ruptured. 


Table 1. Effect of homogenizing medium on oxidation of Krebs cycle acids by avocado 
particles. Qos (N) =Microliters oxygen absorbed per milligram nitrogen per hour. 


I 0.5 M sucrose + 0.4 M sucrose + 
Substrate MAL _suerose 0.01 M phosphate 0.1 M phosphate 

mg N/vessel | Qo, (N) | mg N/vessel | Qo, (N) | mg N/vessel | Qo, (N) 
Suecinater....... 0.74 525 | 1.00 428 0.92 | 455 
a-Ketoglutarate 1.70 142 | 1.41 169 1.36 | 2 
BeMalate ein 1.39 219 | 1.50 228 1.30 17252 
Mkeiteate=7. res 1.25 263 | 1.18 266 1.06 284 


Reaction mixture: 0.02 M substrate; 0.5 M sucrose, 0.01 M phosphate pH 7.1, 0.001 M 
AMP, 0.006 M magnesium sulphate in a total volume of 3 ml; gas phase-air; temp DOÛCE 
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Effects of reaction temperature 


All workers in the field of plant and animal mitochondria used low tem- 
peratures (0° to 5°C) for the preparation of the enzyme suspensions by dif- 
ferential centrifugation. However, the reaction temperatures at which the 
oxidations were carried on varied from 37°C for work with animal tissue 
to 20°C for plant materials. Most of the plant investigations were done at 
95°C and at 30°C. We examined the effects of temperature on succinate and 
a-ketoglutarate oxidation in the range of 0°C to 37°C. In table 2 the results 
of several experiments are presented for all temperatures except 0°C, because 
of the questionable significance of the low values obtained at this tempera- 
ture. This appeared to be the case also with the value for the second hour 
at 5°C. The results for the second hour at 30° and 37°C in the case of 
a-ketoglutarate were omitted because the four experiments gave contradic- 
tory data. 

It is obvious from this table that the oxidative behavior for both acids tends 
to be more constant at 20°C and lower, than at higher temperatures. The 
decline in activity with increase in temperature was more marked for suc- 
cinate than for a-ketoglutarate. For short time experiments 25°C and 30°C 
are satisfactory in the case of succinate, while for a-ketoglutarate one might 
employ even 37°C. On the other hand, prolonged tests of more than one 
hour duration are best carried out a 20°C with succinate and at 20°C or 25°C 
with a-ketoglutarate. The higher sensitivity to temperature of the succinate 
enzyme than the a-ketoglutarate oxidase poses a challenging problem in 
view of the fact that other preparative conditions are more critical for the 
keto acids. Clearly, we are dealing with at least two types of inactivation. 
Hunter (16) suggested that the lower temperatures are more desirable for 
the measurements of oxidative phosphorylation. We have adopted 20°C 
for all studies in this paper. 


Table 2. Effect of reaction temperature on succinate and a-ketoglutarate oxidation (in 
microliters O per mg N per hour). 


Substrate | Reaction time | 5 10 | 15 20 25 30 37 
a een. 
Succinate PIPst, NOUN wee | 62 169 | 278 442 562 548 365 

Second hour...... 65 175 249 442 306 221 57 
a-Ketoglutarate | First hour......... | 24 51 87 156 220 218 351 
Second hour...... = 53 92 137 197 — — 


Reaction mixture: same as in table 1. 
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Table 3. Effect of enzyme concentration on rates of oxidation by avocado particles. 
ee" 


Substrate Atmosphere mg N/vessel Qo, (N) 

Succinate ELD air enr M ae ER 2.20 171 
Re en reed ae 1.05 333 
ee 0.58 3538 

OXYGEN EN 2e 2 ee een 2.20 410 

a iat sitar sh tee rete ale er tinne 1.05 310 

an SOOO EA ODI Ghee UREN 0.58 312 

a-Ketoglutarate UD on Per AE ATOME CPE 1.95 197 
NT CON DT TS DEEE 1627, 208 
Eee eee tue sins soie aie 0.83 180 

OXY SRP s, tis stave cesse mere © 1.95 209 


Reaction mixture: same as in table 1. 
Gas phase-air and 100 °/o oxygen. 


Effects of enzyme concentration 


In order to establish the enzyme concentration which would give maximum 
activity, the mitochondrial preparation obtained by suspending the residue 
from the high speed centrifugation with four or five ml of sucrose was 
diluted two and threefold. The studies under pure oxygen were conducted on 
the same suspensions which were in air. Cylinder oxygen was passed through 
the vessels for 7 to 10 minutes. 

It can be seen clearly from table 3 that the oxygen content in air is insuffi- 
cient for succinate oxidation by preparations of high protein content. When 
a-ketoglutarate was employed as substrate, no dilution was required since 
high activity was recorded in the most concentrated enzyme preparation. In 
all subsequent studies a 1:1 dilution was adapted for succinate oxidation 
with ordinary air as the atmosphere. 


Cofactor requirements for oxidative activities 


In table 4 several experiments are summarized in which the effects of 
310-4 M cytochrome c were investigated. This concentration is of the 
order used in cytochrome oxidase assays. No increase in oxygen uptake upon 
addition of cytochrome c was noted with any of the Krebs cycle acids. These 
findings appear to be in disagreement with those of Millerd et al. (23) who 
found a response to cytochrome c when phosphate was omitted from the 
grinding medium. However, the oxidation rate of succinate by mung bean 
particles prepared in sucrose was very low even with exogenous cyto- 
chrome c; apparently other cofactors or conditions were limiting. Particulate 
fraction prepared by extraction in phosphate buffer by Bhagvat and Hill (6) 
or in water by Stafford (29) showed increased oxygen uptake upon addi- 
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Table 4. The cytochrome c requirement for the oxidation of Krebs cycle acid by the 
particulate enzyme suspension of avocado. 


EEE — or 


Qo, (N) 
Substrate mg N/vessel 2 = 
Pivisteytace | No cyt. c 
ee ee 
None ss simone aus oc cmecoage 1.63 26 17 
Succinate Secret 0.88 246 266 
a-Ketoglutarate .................... 1.83 152 152 
PET ELIS oa Be 0e 08 ae 1.87 190 202 
CAR A ee 1.87 200 205 
RUMATALE 4 A ECC ec 172 75 80 


Reaction mixture: same as in table 1. 
Cytochrome c concentration: 3X 1074 M. 


tion of cytochrome c. It will be shown in the second article of this series 
that the avocado particles prepared in 0.5 M sucrose retain the endogenous 
cytochrome c and that this enzyme undergoes oxidation by an oxidase and 
reduction by a DPN-linked dehydrogenase present in these particles. We 
believe that a negative response to exogenous cytochrome C serves as an 
indication that the mitochondrial complex was isolated in reasonably intact 
form. 

The adenylate requirement was studied with several acids of the Krebs 
cycle, but most thoroughly with a-ketoglutarate, since this acid was con- 
sidered most suitable for studies on oxidative phosphorylation. Table 5 points 


Table 5. Adenylate requirement for the oxidation of succinate and a-ketoglutarate 
by the particulate suspension of avocado. 


Substrate Form of adenylate | No. of washings | mg N/vessel | Qo, (N) ' 
| 2 | 
None. rer None 2 1.22 | 0 | 
ee We a AMP 1 1.90 38 | 
Succinate „mn... None 1 0.44 325 
4 emote react AMP 1 0.44 360 | 
FRS ADP 1 0.44 400 | 
ER RE ATP 1 0.44 345 | 
ee None 2 0.44 270 
MAR AMP 2 0.44 265 
ae ae ADP 2 0.44 228 
rk Mers Ae ATP 2 0.44 290 
a-Ketoglutarate .. None 1 1.90 95 
AMP 1 1.90 153 
ADP il RE 109 
ATP 1 1.90 139 | 
x > None 2 1.21 57 | 
AMP 2 1.21 180 | 
ATP 2 1.21 149 | 


Reaction mixture: same as in table 1. 
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Table 6. The magnesium requirement for the oxidation of Krebs cycle acids 
by the particulate enzyme suspension of avocado. 


Substrate | mg N/vessel | Qo, Complete | (N) No Mg 
SCIE a ECO RE OT OR 1.00 297 262 | 
O-Ketoglutarate en 1.20 224 186 | 
Malate 9: SISNET TRO in ele Re Stan ue à 1.74 170 | 139 | 
ui. 1.58 134 | 97 | 


Complete medium: same as in table 1. 


out clearly that a-ketoglutarate oxidation is enhanced by the supply of 
adenylate while succinate is oxidized at a high rate without any exogenous 
adenylate. Preliminary chromatographic separations suggested the presence 
of AMP, ATP and perhaps also ADP in avocado tissue. At present we have 
no information as to the degree of retention of these substances by the par- 
ticles following our procedure of homogenization. Laties (18) observed that 
ATP stimulated the oxidation of succinate as well as a-ketoglutarate and 
malate. Similarly Davies (14) established this response in the case of citrate 
and Millerd et al. (23) for pyruvate oxidation. 


The magnesium requirement was studied in a number of experiments and 
the results are summarized in table 6. In all cases the addition of magnesium 
brought about slight to significant stimulation of activity. Millerd (22) 
obtained much greater stimulation by 10”? M magnesium with mung bean 
mitochondria than we did with avocado. However, the activities at 30°C 
for mung bean in the absence of magnesium are much lower than for avocado 
at 20°C. Laties (17) reported variable response to the addition of magnesium. 
We found that the response to magnesium did not change whether one or 
two washings (high speed centrifugations) were employed. ; 

Cofactor requirements were examined also in suspension resulting from the 
use of 0.4 M sucrose+0.1 M phosphate in the homogenizing medium. The 
particles obtained by this procedure responded to adenylate and magnesium 
when a-ketoglutarate was the substrate. In the case of succinate oxidation 
there was a response to magnesium but not to AMP. Evidently the mito- 
chondrial preparations from the avocado fruit did not distinguish between 
the presence and absence of phosphate in the solution used for blending as 
far as the activities of the succinic and a-ketoglutarate oxidases were con- 
cerned. The integrity of the mitochondrial complex is essentially retained 
to the same degree whether or not phosphate was used in the homogenizing 
medium. 

Oxidative activities alone, though indispensable as a first step, supply 
insufficient evidence for the role of cytoplasmic particles in cellular meta- 
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bolism. The next requirement is the demonstration of the occurrence of 
phosphorylation concomitantly with oxidation of Krebs cycle acids. In this 
study attention was devoted to a-ketoglutarate because the high free energy 
change associated with the conversion of this acid to succinate might be 
expected to bring about high rates of phosphate incorporation. 


Cofactor requirements for phosphorylation 


In order to establish the experimental period suitable for esterification of 
inorganic phosphorus by the paritculate suspension, eight Warburg vessels 
were placed at 20°C and two vessels removed consecutively every 10 minutes. 
The results indicated clearly that both the oxidative and the phosphoryla- 
tive activity was constant for a 40-minute period. The uptake of phosphorus 
per unit protein nitrogen was 11.8 microatoms, which is about four times 
higher than the value reported previously by Millerd et al. (24) for compar- 
able material prepared by the mortar method. On the same basis mung 
bean hypocotyls esterified about 9 microatoms of P per 40 minutes according 
to Bonner and Millerd (9). 

The requirement of adenylate for maximum phosphorylation is shown 
in table 7. Phosphate uptake was more influenced by washing than oxygen 
absorption. The oxidation rate with a-ketoglutarate increased by about 50 
per cent due to the addition of AMP to a suspension prepared with one high 
speed centrifugation and nearly 150 per cent when the particles were 
resuspended, and subjected to a second centrifugation at 17000Xg. On the 
other hand, phosphorus uptake is increased threefold by AMP with one 
washing, and tenfold with two washings. ATP can replace AMP, but is 
apparently not as effective. The difference between the two forms of adenylate 
might be accounted for by a predominance of phosphate donating over 


Table 7. Adenylate requirement for phosphorylation with a-ketoglutarate as substrate. 


ee eee a 
Ä ; No. of high speed ; H atoms/40 min. 

Reaction medium ë R mg N/vessel | Qo. N) 

centrifugations 0, ( Pp 0 P/O 
No adenylate .... one 1.90 93 4.1 10.5 0.39 
as US ee SE | 146 13.6 16.5 0.82 
No adenylate .... two 1.21 57 1.0 4.1 0.24 
AMP Er de: 158 10.4 11.4 0.91 
SA MI NS eye one 1.75 153 20.7 16.0 1.29 
EN as 139 11:2 14.5 0.77 


Reaction Mixture: 0.02 M a-ketoglutarate; 0.01 M phosphate, pH 7.1; 0.001 M adenylate; 


0.01 M glucose, 0.006 M magnesium sulphate; 0.5 M sucrose; total volume 3.0 ml: gas 
phase-air; temp. 20°C. 
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Table 8. The glucose requirement for phosphorylation with a-ketoglutarate as substrate. 
Re EE EEE Er SRE 


F ; : 
Reaction medium N el ae mg N/vessel| Qo, (N) sees aa ete 

ugations 2 P ei MES 

No glucose ...... one 1.70 135 8.3 12.8 0.66 

| Complete 2.2... 146 19.2 14.6 1.31 

| No glucose ...... two 1.23 184 10.9 15.0 0.74 

Complete ....... 196 14.7 15.1 0.98 


Reaction mixture: same as in table 7. 


phosphate accepting reactions. In all subsequent experiments AMP was 
added to the reaction mixture. 

In these experiments three micromoles of adenylate were added to each 
flask. The esterification. of AMP without further transfer could account, 
therefore, for a maximum disappearance of 6 micromoles of phosphorous. 
AMP had to act, therefore, catalytically as an acceptor of phosphate, which 
in turn has to be trapped by another acceptor system such as glucose and 
hexokinase. The importance of adding glucose was tried and the results of 
these tests are given, in table 8. The oxygen absorption was not materially 
affected by the addition of glucose, but phosphorus uptake was increased. 
The addition of 60 micromoles of glucose or twice as much as phosphate 
supplied in the buffer, was sufficient for the highest rates of esterification. 
It is asumed that glucose-6-phosphate was formed by hexokinase required 
for this reaction and which apparently is particle bound in this material. 
Since the uptake of phosphorous in the absence of glucose is higher than the 
amount required for the conversion of all added AMP to ATP, the assump- 
tion has to be made that either some glucose is present in the particles or 
formed in the course of the reaction, or that another substance acts as a 
phosphate trap. 


P/O ratios in presence of malonate 


Malonic acid is known to inhibit competitively the oxidation of succinate 
to fumarate. In the presence of the proper concentration of this acid a-keto- 
glutarate is oxidized essentially to succinate with an uptake of one atom of 
oxygen per mole of substrate consumed. Table 9 summarizes several experi- 
ments with malonate. Clearly the oxygen uptake was lowered substantially 
with little change in the phosphorylating capacity of the suspension. The 
result is a P/O ratio of 2.0 particles from ripe fruit at the climacteric peak 
(for a recent discussion of this phenomenon see Biale (7). In two experi- 
ments the P/O ratio for a malonate inhibited oxidation of a-ketoglutarate 
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Table 9. Effect of malonate on oxidative phosphorylation by the particulate enzyme 
suspension of avocado. 


ES 
a —————————————————————— 


microatoms 
0.01 M 40 min. mg N 
Fruit state A CUT min. X mg 1} . 
P | 0 | P/O 
| 
i j ini 7.0 1.47 
Preclimacteric minimum .. A | or | ae ne 
1 fy 
Climacteric peak ......... + | 11.5 | 5.7 2.02 
Far 5 — | 11.6 | 8.0 | 1.45 


Reaction mixture: same as in table 7. 


reached the value of 2.3. Evidently high rates of phosphate esterification 
can be carried on by avocado particles, though ratios of 0.9 to 1.2 occurred 
more frequently than the higher ratios. The significance of the trend in 
oxidative phosphorylation in relation to ripening is discussed in the fourth 
paper of this series (27) in conjunction with phosphorylative uncoupling 
induced by dinitrophenol. 


Discussion 


There are several criteria which might be employed in establishing the 
integrated nature of the particulate enzyme complex. The cytological evalua- 
tion is concerned with internal structure and with staining reactions charac- 
teristic of mitochondria. The detailed anatomy of these cytoplasmic inclu- 
sions has been elucidated by the use of the electron microscope on intact 
slices of animal and plant material. It remains to be substantiated that the 
particulate matter obtained by differential centrifugation is of the same 
structure as the mitochondria in nature. The most widely cited criterion in 
favor of this identity is the positive staining reaction with Janus Green B. 
Millerd et al. (23) and Davies (14) reported that their materials took the 
stain. We were unable to demonstrate staining perhaps due to the fact that 
the particles appear green. Laties (17) working with cauliflower buds, which 
are rather free of green pigment, has not reported whether this material 
stains with Janus Green B. 

Since we could not prove that we were dealing with a morphologically 
distinct entity, we were prompted to apply the biochemical behavior as an 
index for the presence of a relatively intact complex. We suggest that the 
following criteria might be used to indicate high degree of integrity: (a) low 
requirements for cofactors, (b) high oxidative and phosphorylative activity, 
and (c) capacity for oxidation of pyruvate as well as the acids of the Krebs 
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cycle. If we analyze the avocado preparations on this basis, we find that 
cytochrome c was not required for any of the acids: that succinate was 
oxidized at high rates without the addition of any cofactors, and that a-keto- 
glutarate showed some response to adenylate, though the rates are substantial 
in its absence. The stimulation by magnesium did occur but was not spec- 
tacular. The rates of oxidation of the Krebs cycle acids were high and con- 
stant for one to two hours; in a few instances this constancy was observed 
for three hours. The capacity for high rates of phosphorous incorporation 
was demonstrated, though greater uniformity and stability of the phos- 
phorylating system needs to be established. The oxidation of pyruvate in 
the presence of a four carbon acid is described in the third article of this 
series (1), in which the chromatographic detection of citrate and action of 
arsenite is also included. 


The demonstration of oxidative phosphorylation by mitochondria has been 
limited to few tissues. Bonner and Millerd (9) found a ratio of 1.0 for mung 
bean seedlings while Laties (17) reported P/o values higher than 2 for cauli- 
flower buds. Conn and Young (13) obtained ratios of 3 for mitochondria 
from lupine seedlings. Similarly, Lieberman and Biale (21) successful in 
demonstrating ratios of 3 with particles from sweet potato. The oxidations 
and phosphorylations of their preparations were inhibited by polyphenols, 
but the inhibition was reversed by ascorbic acid. At the same time these 
findings indicate the vulnerability of mitochondrial suspensions prepared in 
the presence of cell contents that might contain inactivating substances. The 
role of metals, other than magnesium as inhibitors or stabilizers of oxidative 
phosphorylation also requires investigation. 


Summary 


A biochemically active fraction of cytoplasmic particles was obtained from 
fruit of the avocado by controlled blending at low speed and subjecting the 
homogenate to differential centrifugation at 0°C. High oxidative activities 
of Krebs cycle acids resulted from the use of sucrose as well as a combina- 
tion of sucrose and phosphate. 

The oxidation rates of succinate and a-ketoglutarate were studied at a 
temperature range of 5°C to 37°C. For constancy and high activity 20°C 
appeared to be most suitable for succinate and 25°C for a-ketoglutarate. 
Since the oxidation rate of succinate was much higher than that of any of 
the other acids the enzyme suspension had to be adjusted to contain not more 
than 1.0 mg nitrogen. 

In a study of cofactor requirements, it was found that cytochrome ce was 
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A 


not necessary that the response to magnesium varied for the several acids. 
Adenylate in the form of AMP, ADP or ATP was required for a-ketoglutarate 
but not for succinate oxidation. 

For oxidative phosphorylation with a-ketoglutarate as substrate adenylate 
and glucose had to be added to the reaction mixture. It was possible to 
attain P/o ratios of 2.0 with mitochondria from ripe fruit. 


We wish to acknowledge the cooperation of Dr. Joseph M. Tager in the first 
stages of this investigation. 
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In the first paper of this series by Biale et al. (2), the preparative procedure 
for cytoplasmic particles from fruits has been described and the oxidative 
and phosphorylative activities determined. These studies with cytoplasmic 
particles of the avocado and other similar studies with plant mitochondria 
described by Millerd and Bonner (14) indicate that the plant mitochondria 
are highly organized enzyme complexes capable of carrying out oxidation 
without the addition of cytochrome c. The experimental fact that cyto- 
chrome c is not required cannot be taken as evidence against the participa- 
tion of cytochrome c in oxidation processes. In addition to clarifying the 
role of cytochrome c in the oxidation of the particles, it is also necessary 
to establish the chain of electron transport for which evidence in plant tissue 
is fragmentary. There are reports in the literature reviewed by Hill and Har- 
tree (9) and by James (10) of the occurrence of several different terminal 
oxidases. The importance of DPN participation in metabolic reactions of 
higher plants was stressed by Goddard and Stafford (8). It is of interest, 
therefore, to investigate the presence of endogenous cytochrome c as an 
integral part of the plant mitochondria complex and establish its role in the 
electron transport chain of reactions. This approach was facilitated by a 
recent discovery in this laboratory by Chow and Biale (4) that the cyto- 
plasmic particles of avocado also contained a DPN linked formate oxidation 
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system. This DPN linked formate oxidation system was used for studying 
the possibility of cytochrome c participation in metabolic processes in the 
cytoplasmic particles. 


Materials and Methods 


The avocados, Persea Americana, used for these experiments and the procedure 
for preparation of the particulate enzyme suspension were described previously (2). 
After incubation for one hour at 30°C the reaction mixture was denatured by 
immersion in boiling water for 2 minutes and centrifuged at 2000Xg. The super- 
natant solution was used for spectrophotometric determinations. Absorption spectra 
were determined by the Beckman DU spectrophotometer using Corex or silica cells 
of 1 cm light path. 

Oxidized cytochrome c was prepared by reacting the commercial sample (obtained 
from Nutritional Biochemicals) with ferricyanide according to the procedure of 
Umbreit et al. (17). 

The reduction of DPN was brought about by incubating the nucleotide (Pabst) 
with formate and avocado particles. The ability of the particulate fraction to reduce 
DPN was demonstrated by the increase in optical density at 340 mu. 

Abbreviations used: DPN*, oxidized diphosphopyridine nucleotide; DPN : H, re- 
duced diphosphopyridine nucleotide; cyt.c, cytochrome c. 


Results 


The reduction of exogenous cytochrome c. — As the first step in an attempt 
to show cytochrome c participation in the electron transport chain it was 
thought essential to demonstrate the occurrence of reduced cytochrome c 
spectrum in an incubation mixture of DPN*, formate, cytochrome c, and 
avocado particles. All the exogenous cytochrome c was initially in the oxidized 
state. Three procedures were employed for the incubation of the reaction 
mixture: (a) nitrogen atmosphere for one hour, (b) air for one hour, and 
(c) nitrogen for 30 minutes followed by exposure to air for 30 minutes. 

Results of these experiments are presented in Figures 1, 2, and 3. Curve B 
of Figure 1 is the spectrum of the supernatant solution obtained by incuba- 
tion in a nitrogen atmosphere. It is compared with a standard reduced 
spectrum of cytochrome c (curve A) achieved by bisulfite reduction of cyto- 
chrome c obtained from the same commercial source. The reduction spectrum 
of curve B is therefore clearly comparable with the standard reduced cyto- 
chrome c. 

In Figure 2, curve A, which is the standard spectrum of oxidized cyto- 
chrome c, is compared with curve B, which is the absorption spectrum of the 
supernatant solution obtained from incubation in air. In both cases there is 


5 Physiol. Plant., 10, 1957 


66 CHENG TAN CHOW AND JACOB B. BIALE 


40 


35 


-3 


10 


DENSITY 


OPTICAL 


- é oo 2 ee 
460 480 500 520 550 570 600 


WAVE LENGTH IN my 


Figure 1. The absorption spectrum of cytochrome c obtained from cytoplasmic particles 
of the avocado incubated in a nitrogen atmosphere. 


A — Standard spectrum of cytochrome c of a known sample obtained by bisulfite reduc- 
tion; 1.2 mg cyt. c per 3.0 ml. 
B —- 3.0 ml of supernatant from reaction mixture containing 1.2 mg cyt. c, 60 micromoles 


formic acid, 30 umoles phosphate, 3 umoles ATP, 18 umoles magnesium, and 0.5 ml 
of particles. The blank cell contained same reaction mixture but without enzyme. 


no distinct absorption peak in the wave length region where reduced cyto- 
chrome c has two maxima. 

In Figure 3, the curve represents the spectrum of the supernatant solution 
obtained from 30 minutes’ anaerobic incubation followed by 30 minutes’ 
aerobic incubation. Although the absolute magnitude of the peak in this 
curve at 550 mu is somewhat larger than that of curve B in Figure 1, the 
comparative height taken from the minimum at 538 mu to the peak at 
550 mu is substantially smaller. We believe that this comparative height is 
the true indication of the relative concentration of reduced cytochrome c. 
From curve B of Figure 2, it is also evident that in the range we measured 
(470—580 mu) there might be some substance other than reduced cyto- 
chrome c present in the reaction mixture responsible for the general absorp- 
tion. Likewise, in Figure 1, it is the comparative height which should be 
considered. 
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Figure 2. The absorption spectrum of cytochrome c obtained from particles 
incubated in air. 


A’ — standard of cyt. c oxidized by Fe(CN)g*°. 
B —- reaction mixture with particles; contents same as in Figure 1. 
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Figure 3. Absorption spectrum of cytochrome c obtianed from incubation in nitrogen 
followed by air. 


Contents same as in Figure 1. 
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Figure 4. Absorption spectra of cyotchrome c bound in cytoplasmic particles 
of the avocado fruit. 
A — incubated in nitrogen. 
B — incubated in air. 


Contents same as in Figure 1 except that no cyt. c was added to reaction mixture. 


Identification of cytochrome c as a component in cytoplasmic particles of 
avocado fruits. — The ability of the avocado particles to reduce cytochrome c 
coupled with the negative requirement of this enzyme for maximum oxida- 
tive capacity suggested the need to demonstrate the endogenous occurrence 
of cytochrome c. For this purpose, the technique mentioned in the previous 
section was employed , with the exception that no exogenous cytochrome c 
was added. The spectrum of the supernatant solution was plotted in a wide 
range of wave lengths from 400 mu to 620 mu. The resulting curves shown 
in Figure 4 resemble closely the reduced spectrum of cytochrome c, with 
peaks at 415, 520, and 550 mu. Our explanation for the appearance of the 
reduced spectrum pattern in the sample incubated in air is that there is 
always equilibrium amount of cytochrome c in the reduced state at any time. 
This reduced pattern was present in the curve of Figure 3, and even in 
curve B of Figure 2, where there seems to be some rudimentary reduced 
pattern. We believe, therefore, that endogenous cytochrome c is bound in the 
cytoplasmic particles as one of its components. 
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Figure 5. Oxidation of reduced DPN by avocado particles. DPN :H prepared as described 
in text in 3.0 ml sucrose-phosphate at pH 7.1 and 0.02 ml particulate enzyme; the blank 
cell contained the same reaction mixture except enzyme. 


Oxidation of reduced DPN. — The requirement of added DPN for maxi- 
mum oxidation of formic acid by cytoplasmic particles of the avocado (4) 
implied that DPN acts as an intermediate electron carrier in the electron 
transport chain. This implication can be taken without reservation upon 
demonstration that these cytoplasmic particles possess a mechanism for 


Table 1. Concurrent oxidation of reduced DPN and reduction of oxidized cytochrome C. 


| 
| 


0 
0.02 ml enzyme added 
4 


12 
33 


Time 


min. 


Optical Density 


340 my 550 my 
.150 .030 
.155 == 
.071 .310 
.073 .245 


The blank cell contained 75 micromoles of phosphate and 0.5 ml cyt. c (1.2 mg) in a 
total of 3.0 ml of 0.5 M sucrose; pH 7.1. In the reaction cell 0.1 ml of reduced DPN were 


placed in addition to the reagents present in the blank. 
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oxidizing reduced DPN. The oxidation of DPN : H was followed spectro- 
photometrically at 340 mu. A rate curve for oxidation by cytoplasmic par- 
ticles of avocado fruits was plotted in Figure 5. 

The oxidation of DPN H as demonstrated from the decrease in the optical 
density at 340 mu can bring out concurrent increase in the optical density 
at 550 mu. It means that the process of oxidation of reduced DPN is coupled 
with the reduction of cytochrome c. Table 1 shows that the corresponding 
changes of reduced DPN and cyotchrome c took place after the particulate 
enzyme preparation had been added. 

Reduction and oxidation of cytochrome c. — Evidence for the reduced 
spectrum of cytochrome c reported in the earlier section is ample to conclude 
that this integrated enzyme complex has the ability to reduce cytochrome c. 
The reduction of cytochrome c can also be followed spectrophotometrically 
at 550 mu, as shown in Figure 6. It is obvious from the plot that DPN-H 
could reduce cytochrome c. 

The last critical evidence required for postulating that a DPN-linked cyto- 
chrome-c-electron transport chain is operating in the cytoplasmic particles 
of the avocado fruit is the ability of these cytoplasmic particles to oxidize 
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Figure 7. Reduction and oxidation of cytochrome c by avocado particles. Cell content 
same as for Figure 6; at point B, 0.08 ml of particulate enzyme was further added. 


Table 2. Cytochrome oxidase assay in cytoplasmic particles of the avocado fruit. 


Vessel content |yu liter O2/vessel/hour 
Ascorbic acid 0 

Dieca 

Ascorbic acid 62 

Dieca 

0.4 mg. cyt. c. 

Ascorbic acid 80 

Dieca 

0.8 mg cyt. c 

Ascorbic acid 97 

Dieca 

1.2 mg cyt. c | 


Reaction mixture: 60 micromoles ascorbic acid, 30 micromoles phosphate, pH 7.1: 
total volume 3.0 ml. Dieca, diethyldithiocarbamate (10° M) added to inhibit ascorbic 
acid oxidase. 
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reduced cytochrome c. Figure 7 shows that spectrophotometric measurement 
of cytochrome c oxidation is possible with these cytoplasmic particles. The 
oxidation of reduced cytochrome c was brought out by increasing the amount 
of enzyme. The additional enzyme presumably changed the equilibrium of 
the oxidized and the reduced cytochrome c, and as a result part of the 
previously reduced cytochrome c was oxidized as shown in the graph. 

Manometric assay of cytochrome oxidase in these cytoplasmic particles 
was also achieved by preparing the particulate enzyme in redistilled water 
instead of 0.5 M sucrose, and using ascorbic acid as substrate. 10-3 M 
Diethyldithiocarbamate was added in the vessels to inhibit ascorbic acid 
oxidase activity which was present in these preparations. The oxygen uptake 
in this case, as shown in table 2, was then dependent on the cytochrome c 
added in the vessels. This demonstrated the ability of these cytoplasmic 
particles to transfer electrons from a substrate via cytochrome c to oxygen. 
Thus, we believe cytochrome oxidase is present in cytoplasmic particles of 
avocado fruits. 


Discussion 


The results we have presented in this paper supply the evidence for the 
oxidation of reduced DPN, the oxidation and reduction of cytochrome c, and 
the presence of bound cytochrome c in the cytoplasmic particles of the 
avocado. Therefore, we suggest that these together constitute a normal 
operating electron transport pathway in the integrated enzyme complex of 
the cytoplasmic particles. The sequence of reactions is as follows: 


4 
> Methylene Blue — O, 
DPN cyt. c 
Substrate +—> DPNH «—— reduced cyt. c <> O, 
1 2 


Reaction 4 is discussed in greater detail in another paper (4), where it is 
shown that methylene blue can be used as an anaerobic electron acceptor 
for the oxidation of DPN dependent formic acid by avocado cytoplasmic 
particles. 

Slater (16) postulated a scheme for the pathway of electron transport for 
heart muscle preparation as follows: 


Methylene Blue — O, 
DPNH <> Diaphorase ++ factor «> cyt. c «+ cyt. a «> cyt. a, ++ O, 
Een 3 


cytochrome reductase 


In general, our study follows the sequence indicated in Slater’s scheme. 
But without further studies, we are reluctant to conclude that the step 2 
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reaction in our scheme is carried out by the diaphorase and the factor, or 
by cytochrome reductase; and that the step 3 is carried out by cytochrome a 
and cytochrome a,. We merely wish to point out that the electron transport 
chain operative in the cytoplasmic particles of the avocado utilizes the same 
cofactors of DPN and cytochrome c as in the heart muscle preparation. The 
identification of the enzymes involved in each individual, however, needs 
further characterization. At present we prefer to report the reactions as 
such without any implication as to the identity of the enzymes; the same 
reaction in plants and animals may very well be carried out by different 
enzyme. 

The study of the oxidation of reduced DPN in plants has been reported 
in the literature by using pea seedlings, the classical object for plant bio- 
chemical investigations. Lockhart (11) reported diaphorase I activity present 
in pea stems. Mathews (13) reported the oxidation of reduced DPN in plants. 
His system required either methylene blue or ascorbic acid. The DPNH- 
methylene blue system is commonly known as diaphorase, which is a substitu- 
tion for a naturally occurring system. In the ascorbic acid catalyzed oxidation 
of reduced DPN as described by Mathews, it was not clear which terminal 
oxidase is involved. He found that the ascorbic acid mediated system was 
cyanide insensitive, and hence could not be the commonly known ascorbic 
acid oxidase. 

Davison (5) had a short note on oxidation of reduced coenzymes and the 
reduction of cytochrome c in pea seedlings, in which she found that dia- 
phorase activity was associated with cytochrome c reductase. This, as well 
as the above mentioned studies were concerned with fractions of soluble 
extract, and only single enzymatic activity was demonstrated. On the other 
hand, Webster’s (18) survey on cytochrome oxidase activity in plants shows 
that this enzyme is located in a particulate fraction prepared by grinding 
the material in hypotonic phosphate. Fritz and Beevers (6) extracted 
etiolated seedlings of pea, wheat and barley with phosphate buffer and found 
cytochrome oxidase at all stages of development. 

Cytochrome c has been isolated from plant source by Goddard (7). He 
obtained it from wheat germ, and established its identity by comparing its 
absorption spectrum and catalytic property with known cytochrome c 
samples. Lundegärdh (12) succeeded in observing characteristic absorption 
bands in intact wheat roots. 

The electron transport pathway reported here is participated by cyto- 
chrome c and requires the final step in the electron transport to be cyanide 
sensitive. There is evidence (1) that in the tissue slices of the avocado, the 
oxygen uptake proceeds in the presence of heavy metal poisons. Recent 
studies in this laboratory also revealed that there are other terminal oxidases 
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besides cytochrome oxidase such as ascorbic acid oxidase (3) and polyphenol 
oxidase (15) present in the cytoplasmic particles of the avocado. One should 
consider, therefore, the possibility that more than one electron pathway exists 
in the avocado. 

Since completion of this work and this paper, two publications on the 
studies of electron transport in plant mitochondria have appeared. T. E. 
Humphrey and E. E. Conn (Arch. Biochem. Biophys. 60: 226, 1956) have 
studied DPNH oxidation by lupine mitochondria, and D. P. Hackett (Plant 
Physiol. 31: 111, 1956) has studied pathways of oxidation in cell free potato 
fractions. 


Summary 


1. Reduced spectrum of cytochrome c was observed when exogenous 
cytochrome c was incubated with formic acid and cytoplasmic particles of 
the avocado fruit. 

2. Particle bound cytochrome c was demonstrated spectrophotometrically. 
It possesses absorption peaks at 415, 520 and 550 mu. 

3. The cytoplasmic particles obtained from the avocado have the ability 
to oxidize reduced DPN, and to reduce and oxidize cytochrome c. 
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Many attempts have been made to show that mitochondria behave osmo- 
tically. Hogeboom, Schneider and Palade (1948) observed large, pale spheres 
in water homogenates of rat liver, much smaller, more refractive, and rod- 
shaped bodies when 1.78 M sucrose was added. Similar effects were observed 
by Watanabe and Williams (1953) in the case of blowfly mitochondria. 
More direct evidence has been produced by Tedeschi and Harris (1955). 
Their measurements of the optical density of rat liver mitochondrial suspen- 
sions indicated reversible volume changes with changes in tonicity of the 
medium. 

The importance of such evidence is twofold. Not only does this yield 
fundamental information as to the structure and function of mitochondria, 
but it also provides a powerful tool for determining the normalcy of pre- 
parations. This could then become standard procedure, before attempting 
to use such preparations for biochemical or other tests. 


Methods 


Idaho Russet potatoes were kept in a coldroom (+3°C) and all the experiments 
were performed in this room. 500 g diced tuber were homogenized for about 60 secs. 
with 100 ml added solution. The homogenate was filtered through cheese cloth and 
Whatman No. 1 filter paper, then centrifuged at about 2000 G in an Ivan Sorvall 
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(SS-2) vacuum type angle centrifuge. The precipitate consisted mainly of starch 
grains. The supernatant was recentrifuged in a weighed centrifuge tube for 10 
mins. at 14,500 G. The supernatant was decanted, and the centrifuge tube plus the 
precipitated button was weighed. In this way, the original fresh weight of mito- 
chondria was obtained. In order to determine the osmotic behavior of the mito- 
chondria, the button was then resuspended in a given solution, allowed to stand 
6 minutes, recentrifuged at 14,500 G for 10 minutes, the supernatant decanted, and 
the button again weighed. In each case, the supernatant was decanted as completely 
as possible, and the fluid clinging to the tube was wiped off. The same mito- 
chondrial sample was in this way carried successively through several known solu- 
tions and the fresh weight obtained each time. 


Results 


Since potatoes that are kept at 3°C accumulate considerable quantities 
of sucrose, the first extractions were made simply by adding enough K,HPO, 
to yield a pH in the homogenate of 6.5—7.0. This was equivalent to the 
usual procedure in the case of animal tissues of extracting with sucrose. 

The buttons so obtained retained nearly the same fresh weight when 
resuspended in the same homogenate and recentrifuged several times (Taft 
1956). A slow loss in weight did occur, up to 10—15 per cent in 15 hrs. 
But if the buttons were immediately resuspended in sucrose solutions, a 
very marked and steady loss in weight occurred, reaching 30—60 per cent 
within 11/2 hrs. Such large weight losses must have been mainly due to a 
loss of water, since the total dry matter content of the buttons was of the 
order of 10—15 per cent. No reversal of this loss could be obtained by 
resuspending in weaker solutions. Mitochondria prepared in this way 
obviously do not behave osmotically. 

Several methods using a gentler homogenization, different pHs, etc., all 
failed to overcome this steady loss in weight (Taft 1956). It was noted, how- 
ever, that the mitochondria darkened during the preparation. In order to 
overcome this potentially injurious oxidation, ascorbic acid was added to 
the extracting solution; 4 per cent completely prevented observable oxida- 
tion. This required a higher concentration of K,HPO, to maintain a pH of 7. 
On resuspension in sugar solutions, these mitochondrial preparations could 
be induced to contract and expand repeatedly by using hypertonic and hypo- 
tonic solutions respectively (Table 1). When sucrose solutions were used, 
the contraction and expansion were always in the right direction, though 
not always quantitatively correct. The deviations could be partly due to 
slight losses of mitochondria each time the supernate was decanted, or to 
incomplete semipermeability. The latter is a logical explanation for the few 
cases of exceptional behavior in the mannitol solutions. The smaller man- 
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Table 1. Weight changes of mitochondria prepared by homogenizing 500 g tuber with 
100 ml 0.5 M KsHPO4+4 °/o ascorbic acid, centrifuging, then resuspending buttons succes- 
sively in the listed solutions. 
a 


Wt. (mg.) of mitochondrial button 
Solution 
2 Exp. I Exp. II Exp. III 

ee N a Se 
Homogenate ....................... 558 921 en 
1.03MSsucrose. 5 «5 lola . Bieknleloie » alenefalonete 340 516 ; 
(DR RR een rc Or 393 626 551 
DAY ere en demo ec colon eee 363 553 478 
DOI See cia DEEE c 393 579 551 
OMR ere dons bone 313 507 437 | 
Homogenate 5... «erick ce 523 732 701 | 
OM mannitol gyrate ita EE 366 490 463 
une 373 549 568 
no Baar ots ac 373 461 456 
PEN Kaas OSB HO 0 0 Suen DU GOON 343 512 526 | 
Adepte Pro sang 323 549 456 


nitol molecules may conceivably penetrate the mitochondria more rapidly 
than the larger sucrose molecules. This conclusion would agree with the 
results of Hogeboom et al. (1948). 


Summary 


When potato mitochondria are prepared in K,HPO, +ascorbic acid, they 
can be made to contract and swell repeatedly in hypertonic and hypotonic 
sugar solutions. 
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Introduction 


The harvested fruit is a senescent organ in which metabolic changes occur 
leading to the loss of protoplasmic organization and to functional break- 
down. The transition between the stage of maturation and the stage of func- 
tional breakdown in fruits is characterized by a sudden rise in the rate of 
respiration, which Kidd and West (1930) termed the “climacteric rise in 
respiration”. It is during and following the climacteric that the changes 
leading to the ripening of fruits take place. 

The literature on the postharvest physiology and biochemistry of fruits 
has been reviewed by Biale (1950) and more recently by Pentzer and Heinze 
(1954), Weurman (1956) and Biale (1956). Most studies on this subject have 
been concerned with factors affecting the climacteric, particularly in rela- 
tion to problems of fruit storage and marketing, and with changes in chemical 
composition of the fruit. On the other hand, relatively little work has been 
done on the enzymic processes which may be responsible for the marked 
physiological changes that take place during senescence. Gerhardt and Ezell 
(1941) observed a decrease in catalase activity in the pear during ripening. 
In the persimmon, Rakitin (1946) found that carboxylase activity increases 
during ripening. Millerd et al. (1953) have presented evidence to show that 
the respiration of the preclimacteric avocado may be limited by some step in 
the phosphate transfer system and that the climacteric rise may represent a de- 
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creasing dependence of the respiration on coupled phosphorylation. Reaves 
and Robertson (1954) suggested that the mechanism controlling respiration 
and synthetic processes was the ratio of adenosine triphosphate to adeno 
diphosphate. Weurman (1954) detected pectinase in ripe, but not in unripe 
or overripe pears. However, Weurman (1953) found that pear extracts con- 
tain an inhibitor of commercial pectinase, which may explain the failure 
to demonstrate pectinase activity at certain stages. Maris MacArthur-Hespe 
(1955) studied the changes in the activity of amylases during development, 
storage and ripening of pears and found that a-amylase activity rose rapidly 
after the fruit was picked and placed in cold storage. During ripening, the 
activity of this enzyme declined. There were less marked changes in the 
activity of B-amylase. 

An investigation is being conducted on some aspects of the intermediary 
metabolism of carbohydrates in the banana fruit in relation to ripening. In 
this paper, the results of experiments on changes in the activity of carboxylase 
and aldolase are presented. 


Methods and Materials 


Bananas of the Gros Michel variety grown in Central America were used in this 
study. Shipment to Los Angeles usually lasted twelve days, during which the fruit 
was subjected to a temperature of about 15°C and a relative humidity of about 
90 per cent. Fruit in a preclimacteric condition was obtained as soon as possible 
after offloading. 

Single bananas were separated from the bunch and 2 to 4 kg. of fruit were 
packed into respiration jars of the type described by Biale and Shepherd (1941). 
The oxygen uptake of the fruit was determined by using the Beckman model G-2 
oxygen analyzer to measure the difference in oxygen concentration in the air 
entering and leaving the respiration jar, as described by Young and Biale (1951). 
The rate of respiration of the fruit is given as ml. oxygen absorbed per kg. fresh 
weight of fruit per hour. 

In preparing tissue slices, cylinders of pulp 7 mm. in diameter were removed 
with a cork borer parallel to the longitudinal axis of the fruit. Slices 0.3 to 0.5 mm. 
thick were cut by hand and added to the Warburg vessels as rapidly as possible. 
Homogenates for measuring aldolase activity were made by freezing banana pulp 
in a cold mortar, grinding the material to a powder, and taking it up in 0.5 volumes 
cold 0.1 M potassium carbonate. 

Carboxylase activity was determined manometrically at 25°C as follows. Each 
Warburg vessel contained 3 ml. 0.1 M citrate, pH 5.4 and 1 g. of banana pulp tissue 
slices in the main compartment and 1 ml. of an aqueous solution containing 5 mg. 
sodium pyruvate in the side arm. In control vessels, water was substituted for the 
pyruvate solution. The vessels and manometers were flushed with nitrogen and at 
zero time, the contents of the side arm were tipped into the main compartment. 
Carbon dioxide production was linear with time for at least 60 minutes. Carboxylate 
activity is expressed as QCO,(N) (ml. carbon dioxide produced per mg. nitrogen 
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in the tissue slices per hour) and the values are corrected for carbon dioxide pro- 
duction in the absence of pyruvate. 


Aldolase activity was measured by a modification of the method of Tewfik and 
Stumpf (1949). A reaction mixture containing 6 ml. homogenate, 2 ml. 0.1 M borate 
buffer, pH 8.5 and 2 ml. 0.25 M sodium bisulphite was incubated at 30°C with 
stirring. At zero time, 1 ml. of an 0.1 M solution of the sodium salt of hexose 
diphosphate, prepared from the barium salt by the method of Herbert et al. (1940) 
and adjusted to pH 8.5, was added. After 20 minutes, the reaction was stopped by 
adding 10 ml. of 10 per cent trichloracetic acid. The solution was diluted to 25 ml. 
with water and filtered. Aliquots of 1 ml. of the filtrate were either neutralized or 
made alkaline by the addition of 1 ml. 2.0 N NaOH. After 10 minutes the alkaline 
solutions were neutralized and inorganic phosphate was determined in all the 
aliquots by the method of Allen (1940). An increase in inorganic phosphate when 
the samples were subjected to mild alkaline hydrolysis was taken to represent 
phosphate split off from triose phosphate and was used as a measure of the amount 
of triose phosphate formed from hexose diphosphate. Aldolase activity is expressed as 
alkali-labile phosphate formed per mg. nitrogen in the enzyme preparation’ per 
20 minutes. 


Nitrogen was determined by semi-Kjeldahl digestion of samples of the prepara- 
tion, followed either by Nesslerization or by steam-distillation of the ammonia into 
sulphuric acid and titration of the excess acid. 


Carboxylase Activity in Relation to Senescence 


In a preliminary experiment, bananas were stored at 15°C and samples 
were removed 21/2 days before the beginning of the climacteric rise and 
5 days after the climacteric peak. The pulp ofthe bananas was comminuted 
in a Waring blendor with 2 to 3 volumes of water at 5°C and the homo- 
genates were lyophilized. When the lyophilized material was tested for poly- 
phenol oxidase activity by the method of Goddard and Holden (1950), a 
QO,(N) of 262 was obtained with both preclimacteric and postclimacteric 
fruit. On the other hand, carboxylase could be detected in the lyophilized 
material from postclimacteric bananas only. A suspension of preclimacteric 
banana pulp had no effect on the carboxylase activity of postclimacteric 
preparations or of yeast carboxylase prepared by the method of Green et al. 
(1941). Thus the failure to detect carboxylase in the preclimacteric banana 
was apparently not due to the presence of an inhibitor of the enzyme. The 
absence of carboxylase activity in the preclimacteric banana could apparently 
not be ascribed to a lack of cofactors, since no activity of the enzyme could 
be detected even when magnesium ions and cocarboxylase were added to 
the reaction mixture. 

In the light of the results, the relationship between the development of 
carboxylase activity and the climacteric in the banana was examined more 
closely. Preclimacteric bananas were placed under air at 15°C and at 20°C 
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and their rate of respiration was measured. Samples were removed at inter- 
vals for the measurement of carboxylase activity in the pulp. In order to 
preclude the possibility of denaturation of the enzyme occurring as a result of 
preparative procedures, tissue slices were used to measure carboxylase 
activity instead of homogenates. 

The results for the bananas stored at 20°C are presented in Figure 1. 
Carboxylase activity was negligible in the preclimacteric stage. At some point 
near the beginning of the climacteric rise in respiration, the activity of the 
enzyme began to increase steadily until about 3 days after the climacteric 
peak. Similar results were obtained with fruit stored at 15°C (Figure 2). 


In this case, the increase in carboxylase activity continued until about 4 days 
after the climacteric peak. 


Aldolase Activity in Relation to Senescence 


In view of the absence of carboxylase activity in the preclimacteric banana 
and the development of activity during the climacteric, it became of interest 
to study the activity of another glycolytic enzyme in relation to senescence. 
Aldolase was chosen for this purpose. 


The rate of respiration of bananas stored under air at 20°C was measured 
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and samples were removed at intervals for the determination of aldolase 
activity. The results are presented in Figure 3. As with carboxylase, aldolase 
activity was very low in the preclimacteric stage. Shortly after the beginning 
of the climacteric rise, aldolase activity began to increase and reached a 
constant value about 2 days after the climacteric peak. 
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Figure 3. Drift of respiration of bananas stored 
at 20°C and aldolase activity. Conditions in text. 
Aldolase activity expressed as y alkali-labile 
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Discussion 


There is a striking similarity between the curves relating carboxylase and 
aldolase activity to the climacteric in the banana and those of Hulme (1954) 
showing protein content as a function of stage of ripening in the apple. The 
appearance of carboxylase and aldolase activity during ripening in the banana 
indicates that a synthesis of these enzymes occurs and lends support to 
Hulme’s (1954) suggestion that protein synthesis in the ripening apple may 
represent the synthesis of respiratory and other enzymes. Rakitin’s (1946) 
study on carboxylase in the persimmon points to a similar synthesis occurr- 
ing during ripening in this fruit. It would be of interest to determine how 
general this phenomenon is in ripening fruits. 

The absence of carboxylase and aldolase activity indicates that carbo- 
hydrate breakdown in the preclimacteric banana does not take place via 
the Embden-Meyerhof-Parnas pathway. Evidence for the operation of the 
pentose cycle in the respiration of the preclimacteric banana and for a shift, 
at least in part, to the Embden-Meyerhof-Parnas pathway during ripening 
is presented in another paper (Tager, 1956). 


One of us (J.M.T.) is greatly indebted to the Graduate Council of the University 
of California for the award of a University Fellowship in 1950 and in 1951. 

This study comprises part of a thesis submitted by J.M.T. to the University of 
California in 1952 in partial fulfilment of the requirements for the degree of Doctor 
of Philosophy. 


Summary 


The enzymes carboxylase and aldolase appear to be absent from the pulp 
of the preclimacteric banana fruit. Both enzymes make their appearance 
during the climacteric and increase in activity until several days after the 
climacteric peak has been reached. 
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‘The Straight Growth Test’ was first developed by Bonner (1933), and 
elaborated by Thimann and Schneider (1938) and later by Thimann and 
Bonner (1948). It was critically re-examined by Bentley (1950) and sub- 
sequently by Bentley and Housley (1954). In all these investigations growth 
in length of coleoptile sections is recorded after 24 hours and the concentra- 
tion of auxin computed on the basis of increment over the original length, 
or over growth in water. Audus (1952), Ball (1953) and Bennett-Clark and 
Kefford (1954) have observed that there is need for a shorter time interval 
for growth studies, especially when the kinetics of auxin action is to be 
determined. Recently, however, Bonner and Foster (1955) have shown that 
the growth rate of Avena coleoptile sections is constant, in the presence of 
IAA, over a wide range of time provided pH and K-ions are at optimum 
levels. Bio-assay of auxins on the basis of relative growth rates of coleoptile 
sections has not so far been attempted. The purpose of this paper is to 
provide data for this study. 


Experimental Procedure 


Seeds of pure-line oat, Avena sativa — Var. N.P. X-27 were husked and 
soaked in distilled water for one hour and then allowed to germinate on 
moist filter paper in Petri dishes for 96 hours at 25°C +1 and 85—90 per 
cent humidity. The dishes were watered uniformly at the beginning of the 
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experiment, and subsequently at regular intervals to maintain optimum 
moisture in the dishes. Petri dishes of the same diameter were used as covers 
thus forming a chamber with a height of about 5 cm. for the growth of 
coleoptiles. For the first 48 hours the germinating seeds were kept in weak 
red light. After 96 hours when the coleoptiles attained a length of 2.0 to 
2.5 cm., seedlings of uniform length were selected and placed 15 at a time 
in a cutter which removed an apical tip 2—3 mm. in length and simul- 
taneously cut 5 mm. sections from the remaining portions of the coleoptile. 
All the sections were then thoroughly mixed and random samples of ten 
sections were loosely threaded, 5 mm. apart, on thin glass needles and placed 
in Petri dishes (7.5 cm. in diameter) containing 10 ml. of the reaction 
medium under investigation. The two ends of these glass needles rested on 
pieces of microscopic slides introduced in these Petri dishes for avoiding 
complete submergence of the sections, thus ensuring uniform aeration. During 
the threading of sections care was taken to select glass needles of sufficiently 
small diameter to obtain a loose fit of the sections so that unrestricted growth 
may take place. In order to obtain periodic growth readings the sections 
were measured after 2, 4, 6 and 24 hours by removing the dishes one by one 
to an outer chamber at about 20—25°C and 65—75 per cent humidity, 
placing the dishes over a transparent mm. scale fixed on the stage of a 
dissecting microscope, and recording their lengths by the help of a red light 
focussed onto the mirror of the dissecting microscope. At the time of the 
reading of section lengths a gentle pressure was exerted on the glass needles 
so as to completely submerge the sections in the reaction medium with a 
view to avoiding parallex in reading of the scale. 

The growth of the coleoptile sections was expressed as per cent increment 
in length over the original length; and the relative growth rates of coleoptile 
sections have been determined in terms of Blackman’s Compound Interest 
Law of plant growth by taking the difference between the Napierian loga- 
rithms of two successive readings and dividing by time. 


Experimental Findings 


Five experiments were carried out for the determination of the relation- 
ship between auxin concentration and relative growth rates. The results for 
the linear growth are presented in Figure 1. Each point on the graph is a 
mean of 5 readings in each of which 10 coleoptile sections were measured 
separately. It can be seen from the figure that the greater part of the growth 
takes place within the first six hours. After 6 hours growth slows down and 
the curve gradually flattens out. Moreover the differences of growth in 
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LOG IAA CONCENTRATION 
Linear growth in Avena coleoptile sections (per cent over original length). The 
curves from above downwards are increasing dilutions of one gramme of IAA 
in 1, 2, 4, 8, 16, 32, and 64 million ml. of water. The lowest curve gives section 
growth in distilled water. 
Regression of linear growth upon Log IAA concentration. (A) 2-hourly reading, 
(B) 4-hourly reading, (C) 6-hourly reading, (D) 24-hourly reading. The four 
histograms give section length from left to right in distilled water, (A), (B), (C), 
and (D) respectively. 
Histograms of relative growth rates (R.G.R.) for eight different test solutions 
solutions for (A), (B), (C), and (D) readings. They are from left to right in 
increasing order of dilution of 1.0 g. of IAA in 1, 2, 4, 8, 16, 32, 64 million ml. 
of water; and the histogram on the extreme right for each two-hourly reading 
represents R.G.R. in distilled water. 


Regression of relative growth rate (R.G.R.) upon IAA concentration for three 
readings (A), (B), and (D). 


concentrations of auxin are clearly discernible even at the very first 
and these clear cut differences are maintained at all subsequent 


readings. In all these experiments sucrose was not added to the reaction 
medium. 


Regression of linear growth of coleoptile sections in different concentra- 
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tions of auxin (IAA) on the logarithms of auxin concentrations have been 
determined and the regression trend lines have been shown in Figure 2. 
Experimental values, which are means of five determinations each, 
fall closely round these regression graphs. Four separate trend lines (A), 
(B), (C), and (D) for 2, 4, 6, and 24 hourly readings of linear growth 
respectively have been plotted against logarithms of auxin concentrations; 
and these clearly show that linear growth of coleoptile sections is propor- 
tional to the auxin concentration from the very inception of the experiment. 

Relative growth rates for the three 2-hourly periods were calculated by 
taking the differences in Napierian logarithms of two successive readings 
of linear growth of coleoptile sections in different IAA concentrations. The 
mean 2-hourly growth rate for the 24 hour period was obtained by sub- 
tracting the Napierian logarithm of the original length of the coleoptile 
section from that of the length attained after 24 hours and dividing by 12. 
These growth rates have been presented in Figure 3 in the form of histo- 
grams. It is evident that the growth rates for all auxin concentrations used 
are the greatest during the first 2-hourly period. Although the rates fall 
sharply during the next 2-hourly period the proportionality between the 
magnitude of the rate and IAA concentration is maintained. This quantita- 
tive relationship between the magnitude of the relative growth rate and IAA 
concentration is not retained during the third 2-hourly period. However, 
mean relative growth rates for the 24-hourly period are proportional to 
auxin concentration, but the magnitudes of differences are narrowed down 
for different IAA concentrations. 

Regressions of relative growth rates for the first and the second 2-hourly 
periods as well as that of mean relative growth rate on the logarithms of IAA 
concentrations have been calculated and regression trend lines along with 
their corresponding experimental values (each of which is a mean of five 
experiments) are diagramatically presented in Figure 4. The relative 
growth rates of coleoptile sections are directively proportional to the loga- 
rithms of IAA concentrations. It is worthy of note that the steepest ascent 
of the graph with increasing IAA concentration is obtained in the first two 
hours. Relative growth rates for the third 2-hourly period (4—6 hours) have 
not been included in this diagram as they did not show any direct rela- 
tionship with IAA concentration. 


Discussion of Results 


It is evident from the foregoing data that linear growth of coleoptile sec- 
tions is quantitatively determined by IAA concentrations and that the action 
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of auxin is almost instantaneous. Highest relative growth rates were attained 
during the first 2 hours for all IAA concentrations studied. Bennett-Clark 
and Kefford (1954) have advocated shorter duration determinations on 
account of the falling off of growth in 24 hourly periods. Bonner and Foster 
(1955) have, however, recently shown that under optimum conditions high 
growth can be maintained for longer periods. It may be noted that both 
these groups of workers have not determined growth rates on exponential 
basis. Considerable amount of data has accumulated in this laboratory on 
growth of Avena coleoptile sections in auxin solutions, both without regula- 
tion of pH and nutritional levels and also under optimum conditions of pH 
and nutrition which lend support to Bonner and Foster’s observations (1955), 
provided the growth rates are determined on non-exponential basis as these 
workers have done. Exponentially determined rates of growth, on the other 
hand, decline with time under all conditions of experimentation, and the 
highest values have been obtained in the initial stages of growth period. 

Bio-assay of auxins on the basis of relative growth rates is advantageous 
on account of the fact that the results obtained in different experiments 
using sections of different initial dimensions belonging to different test 
materials can be compared with greater validity. Further, relative growth 
rate is a growth index which is in full conformity with the accepted con- 
cepts of growth in plants. 


Summary 


1. The quantitative relation between IAA concentration and linear growth 
of Avena coleoptile sections is determined by calculating the regression 
of linear growth at different time intervals on the logarithms of IAA con- 
centrations. Linear growth is proportional to IAA concentration over a 
24-hourly period. 

2. Highest relative growth rates were attained during the first 2-hourly 
period for all the IAA concentrations studied. Regression of the first and 
the second 2-hourly periods as well as that of mean relative growth rate 
on the logarithms of IAA concentrations have been calculated. Relative 
growth rates are directly proportional to the logarithms of IAA con- 
centrations. 

3. There is a steep fall in relative growth rates after the first two hours of 
growth; but the proportionality between relative growth rates and IAA 
concentrations is maintained during the second 2-hourly period of growth. 
There was no proportionality between relative growth rates and IAA con- 
centration after 4 hours of growth in an auxin medium without the addi- 
tion of sucrose. 
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It is suggested that the quantitative relationship between relative growth 
rates of coleoptile sections and IAA concentration may prove useful for 
the bioassay of auxins. 
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Interactions of auxins and anti-auxins are important from the physiological 
and practical points of view (Koepfli, Thimann, and Went, 1938; Skoog, 
Schneider, and Malan; 1942; Galston, 1947; deWaard and Florschütz, 1948; 
Muir, Hansch, and Gallup, 1949; Äberg, 1951 and 1952; Wilske and Bur- 
ström, 1950; Burström, 1951 and 1951a; Bonner and Bandurski, 1952; 
Audus and Shipton, 1952; Muir and Hansch, 1951 and 1953; Hitchcock, 
1952; McRae and Bonner, 1953; McRae, Foster, and Bonner, 1953; Muir and 
Hansch, 1955). These studies have, however, been confined to certain groups 
of compounds and very little work has been done to study the interaction of 
auxins, vitamins and enzymes (Tonzig, 1952; Tonzig and Trezzi, 1954; 
Scheuermann, 1952). A study of metabolic drifts of native auxins and ascor- 
bic acid in different varieties of some crop plants has been undertaken in 
this laboratory during the last several years. The results of these investiga- 
tions have shown that these vital plant substances interact in growth and 
development of plants. It was, therefore, considered desirable to study inter- 
actions of ascorbic acid and indole-3-acetic acid in the growth of Avena 
coleoptile sections. 


Experimental Procedure 


Details of the germination of the test material as well as the Avena coleoptile 
section straight growth method for determining the effect of exogenous auxins 
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have already been given in a previous communication (Chinoy, Grover, and Sirohi, 
1957). In all eight experiments were carried out using various combinations of dif- 
ferent concentrations of ascorbic acid (AA) with those of indole-3-acetic acid (IAA), 
with and without the addition of sucrose. In six such experiments four two-hourly 
growth measurements were made during the first eight hours and thereafter a fifth 
reading was taken after 24 hours of growth. In the remaining two complex experi- 
ments eight 3-hourly growth readings were recorded during the first 24 hours of 
growth for the following 30 test solutions. In the present paper only the results of 
these two experiments are reported. 


In eight test solutions (2 B, 2 AB, 2 C, 2 AC, 4 B, 4 AB, 4 C, 4 AC of Figures 1 to 6) 
two concentrations of ascorbic acid (5 mg./l and 50 mg./l) were combined with two 
concentrations of indole-3-acetic acid (0.03 mg./l — B, and 0.50 mg./l — C) with and 
without the addition of one per cent sucrose (A). As ascorbic acid solutions were 
used without the stabilizer HPO, they were unstable in the presence of air; and 
therefore, in another series of experiments requisite quantity of AA was replenished 
at the end of every three hourly period in a scond lot of eight test solutions (3 B, 
3 AB, 3 C, 3 AC, 5 B, 5 AB, 5 C, 5 AC — see Fig. 1 to 6). The third lot of eight test 
solutions were made up of four combinations of the above two concentrations of AA 
with and without the addition of one per cent sucrose; and these four solutions were 
also used with the renewal of AA every three hours (2, 3, 4, 5, 2 A, 3 A, 4A, 5A — 
see Fig. 1 to 6). 


The remaining six test solutions were, Distilled water (1); one per cent sucrose (A); 
IAA solution containing 0.03 mg./l of IAA (B); Solution (B) with one per cent 
sucrose (AB); IAA solution containing 0.50 mg./l of IAA (C); and Solution (C) with 
one per cent sucrose (AC). 


Experimental Findings 


Lengths of coleoptile sections as per cent of the original length for the 
above mentioned 30 test solutions are presented in Figures 1 to 6 for one 
of the complex experiments. As already stated eight periodic measurements 
of section lengths were carried out during the 24 hour period. It will be 
observed that AA has growth promoting effect at both the concentrations 
used (solutions 2 and 4). In test solutions (3) and (5) where AA was renewed 
every three hours growth of coleoptile sections exceeded that in solutions 
(2) and (4), where AA was added only at the beginning of the experiment. 
One per cent sucrose appreciably increased growth of sections over water 
(compare soln. 1 of Figure 1 with soln. A of Figure 2). AA in presence of 
sucrose gave greater growth (soln. 2A and 4A of Figure 2) compared to 
sucrose alone (A) in the initial stages of the experiment. After 12 hours, how- 
ever, growth in sucrose alone (A) was greater than in the above two solutions. 
It is worthy of note that growth in the sucrose solution exceeded that in [AA 
solution of low concentration with and without the addition of sucrose in the 
final stages of the experiment (solutions B and AB of Figures 3 and 4). 
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Renewal of AA of higher concentration every three hours in the presence 
of sucrose (soln. 5 À — Figure 2)), however, gave enhanced growth of sec- 
tions compared to the sucrose solution (A). It will be seen from Figure 3 that 
when higher concentration of AA was used in combination with IAA of low 
concentration (soln. 4 B) there is acceleration of growth over that in IAA of 
low concentration (soln. B), as well as over IAA of low concentration with 
the addition of AA of low concentration (2B). In solutions 3B and 5B, 
where AA was replenished every three hours in IAA of low concentration 
section lengths were slightly smaller and larger, respectively, than in soln. 
4 B. AA-sucrose-IAA solution 2 AB and sucrose-IAA soln. (AB) gave greater 
growth compared to solns. (B) and (2 B). Further considerable enhancement 
in the growth of coleoptile sections was observed when AA of high con- 
centration was added to IAA of low concentration in combination with one 
per cent sucrose (soln. 4 AB — Figure 4). There was an enormous upward 
jump in growth in solutions (3 AB) and (5 AB) where low and high con- 
centrations of AA were renewed every three hours (Figure 4). Growth in 
these solutions surpassed even that obtained in solns. (C) and (AC) of 
Figures 5 and 6 respectively containing 0.50 mg./1 of IAA with and without 
the addition of sucrose. AA-IAA solutions (2 C), (3 C), (4C), and (5 C) all 
give greater growth compared to solution (C). In this case soln. (3 C) has 
given maximum growth in which AA of low concentration was renewed 
every three hours compared to soln. (5 C) where AA of high concentration 
was renewed every three hours. With the addition of sucrose to the medium 
containing 0.50 m£g./1 of IAA and renewing AA of low concentration every three 
hours a striking enhancement in growth of coleoptile sections took place 
(soln. 3 AC Figure 6). Itis worthy of note that in this case renewal of AA of 
low concentration in sucrose-IAA soln. containing 0.50 mg./l IAA gave con- 
siderable increase in growth; while on the other hand in a sucrose-TAA solu- 
tion containing lower concentration of IAA (0.03 mg./l) addition of AA of 
high concentration every three hours gave maximum growth (compare 3 AC 
of Figure 6 with 5 AB of Figure 4). 

With a view to further elucidating the above mentioned results relative 
growth rates were calculated on the basis of Blackman’s Compound Interest 
Law by taking the differences of Napierian logarithms of successive growth 
measurements. Mean relative growth rates over the entire period of growth 
for 30 test solutions are presented in Table 1. Each figure in this table is a 
mean of 16 determinations of the two complex experiments. 

The pronounced stimulatory effect of ascorbic acid on growth is evident 
from these results. Greater relative growth rates in AA solutions without 
the addition of IAA or sucrose (solns. 2, 3, 4, 5) is evidence of its growth 
promoting property. Sucrose undoubtedly enhances the general level of 
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Table 1. Mean Relative Growth Rates of Coleoptile Sections in 30 Test Solutions. Each 
figure in the table is a mean of 16 determinations. 


Ascorbic Acid (5 mg./1) | Ascorbic Acid (50 mg./1) 
Water Renewed Renewed 
Substrate Added once SHOT Added once shouts 
1 2 3 4 5 

Water rer 0.038 0.050 0.047 0.046 0.055 
(A) Sucrose 19/0 .... 0.060 0.054 0.053 0.061 0.065 
(B) IAA 0.03 mg./l .. 0.052 0.056 0.061 0.063 0.063 
(C) IAA 0.50 mg./l .. 0.071 0.074 0.077. 0.072 0.070 
ABI SERIAL, 0.060 0.055 0.084 0.066 0.076 
IT RT SUR 0.068 0.085 0.100 0.081 0.075 


growth as can be seen from the higher levels of relative growth rates (Table 1). 
It appears that there are interactions between IAA, AA, and sucrose. It is 
worthy of note that (3 AC) solution in which AA of low concentration was 
renewed every three hours in high IAA-sucrose medium gave the highest 
value of mean R.G.R. Solution 3 AB which is a combination of renewed low 
AA-sucrose-low IAA gave the next best result. 

The data of relative growth rates of the two experiments was subjected 
to analysis of variance and the values of ‘F’ (the ratio of treatment variance 
over the error variance) together with the corresponding degrees of freedom 
for the different treatments and their interactions are presented in Table 2. 

AA, IAA, and sucrose have highly significant growth promoting activity 
individually. The interaction of AA and IAA is also highly significant. Inter- 


Table 2. Analysis of Variance of Relative Growth Rate Data. 


Treatment or Interaction Degrees of Freedom Value of F 
Replicate nat sr ce ae are em eee ne TR 1 6.2 
Periodie/Reading (PR arenes ose ee ae 4 1,128.8 S 
ASCOrDIC ACID AA) re cris scatters 4 48 S 
Indole-3-Acetic Acid (IAA) ................. 2 56.8 S 
Sucrose: ANDEREN LR RER NT MERE 1 28.1 S 
| Interaction: (AA) and (IAA) ............... 8 11.9 S 
| 5 (A) and (AAN ee 4 0.4 
| = (A) Mand s#( LAA) Tr At. 2 0.1 
‘5 P) cand e( AA) cue cats «ce sie ie 28 3205 
à (PB) and lAA Eee 14 31.8 S 
7 (P) and (A) MEME TEEN | 7 2.4 s 
a (A), (AA), and (IAA) ..........| 8 1.5 
LO a nett hears a een en | 393 
a ES ee eee 
| Total D.F. | 479 a 


S denotes highly significant value of F (at 1 °%o point). 
s denotes value of F significant at 5 °/o point. 
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actions of AA and IAA with time of reaction (periodic readings) are also 
highly significant; while that of sucrose with the reaction time is significant 
at 5 point. This analysis also clearly brings out the fact that ascorbic 
acid behaves as a growth regulating substance and also that it interacts with 
IAA to cause considerable enhancement of growth in coleoptile sections when 
combined in proper concentrations. 


General Discussion 


The striking stimulatory effect of exogenous application of 50 mg./l of AA 
together with 0.03 mg./1 of IAA in the presence of one per cent sucrose in 
the medium (soln. 5 AB — Figure 4), and an equally striking increase in 
section growth by the exogenous use of a high concentration of IAA (0.5 
mg./l) in the presence of a relatively low concentration of AA (5 mgl./l), 
renewed every three hours in the medium containing 1 °/o sucrose (soln. 
3 AC — Figure 6) are suggestive of important physiological roles of these 
vital plant constituents. Tonzig (1952) has studied the regulatory action of 
auxins and ascorbic acid on structural viscosity and other activities of the 
cytoplasm and has ascribed an auxin-balancing property to AA. Scheuer- 
mann (1952) has shown that addition of ascorbate, thiamin, nicotinamide, 
pentothenate, riboflavin or biotin practically eliminated the increase in root 
formation brought about by the application of IAA to Phaseolus multiflorus. 
Tonzig and Trezzi (1954) have further studied the antagonistic relationship 
between AA and auxins by application of AA to oat coleoptiles, bean and 
castor hypocotyls and pea stems. Such a treatment with AA retarded both 
cell growth and elongation of these organs. The stimulatory action of AA 
observed in the present work suggests that the enhanced coleoptile section 
growth may partly be due to the lowering of structural viscosity of the 
cytoplasm. It is well known that dispersion and hydration of plasmatic 
colloids are affected by changes in viscosity. 

A reference to some of the work on the physiological role of ascorbic acid 
carried out in this laboratory will not be out of place here. A study of the 
metabolic drifts of endogenous auxins and ascorbic acid in different varieties 
of crop plants under the influence of different vernalization and photo- 
periodic treatments has shown that a considerable increase in the AA con- 
centration of growing points occurs at the time of the morpho-physiological 
change from the vegetative to the reproductive state (unpublished records 
of the University of Delhi). Under long day and vernalization treatments 
there was an earlier upward swing in AA concentration synchronizing with 
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earlier change in the growing point from vegetative to reproductive state. 
In early flowering varieties also there was an earlier rise in AA concentra- 
tion compared to the late ones. In the light of these facts it would appear 
that endogenous ascorbic acid of a plant, interacting with its IAA, has an 
important role to perform in the transformation of the plant from the vege- 
tative to the reproductive state. This change is most probably brought about 
by a change in the redox system of the plant, as well as by changes in other 
properties of the cytoplasmic and the nuclear colloids paving the way for 
the ultimate meiotic division. 


Summary 


1. Growth of Avena coleoptile sections was studied in 30 different com- 
binations of ascorbic acid (AA), indole-3-acetic acid (IAA) and sucrose. 
In some of the test solutions AA was renewed after every three hours 
throughout the course of the experiment. Eight growth measurements 
were taken at 3-hourly intervals, and growth was expressed as per cent 
increment in section lengths over the original, as well as in terms of 
relative growth rates by taking differences in Napierian Logarithms of 
successive section lengths. 

2. Ascorbic acid when used alone caused stimulation of growth. The stimu- 
latory effect of AA was further enhanced when it was renewed in the 
medium every three hours. 

3. Addition of sucrose to either AA or IAA further increased section lengths. 

4. A striking stimulatory effect on section growth was observed in IAA of 
relatively low concentration (0.03 mg./l) containing one per cent sucrose 
when 50 mg./l AA was added to the solution every three hours. Similarly 
an equally striking increase in section growth occurred by the exogenous 
use of a high concentration of IAA (0.5 mg./l) with one per cent sucrose 
when relatively low concentration of AA (5 mg./l) was renewed every 
three hours in the medium. 

5. Analysis of Variance of the data of relative growth rates showed that 
the effects of AA, IAA, and sucrose as single factors on growth were 
highly significant. Interaction of AA and IAA was also found to be highly 
significant. 

6. It has been suggested that endogenous AA of a plant, interacting with 
its IAA, has an important role to perform in the changeover from the 
vegetative to the reproductive state by bringing about changes in the 
redox system as well as in other properties of plant colloids. 
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Introduction 


It is well-known that the incidence of endemic goitre in human and animai 
populations in certain areas of New Zealand is high, (vide Hercus, Benson, 
and Carter, 12, Cunningham, 7). In a survey of the iodine content of New 
Zealand pastures, Simpson (21, 22) found that congenital goitre in sheep 
was associated with herbage iodine levels of less than 30 ug. per 100 g. dry 
weight. This was confirmed by the authors in the case of four farms in the 
Manawatu and Hawkes Bay districts where congenital goitre in sheep was 
associated with herbage iodine levels of 8.3, 10.5, 11.5, and 18.3 ug. per 100 g. 
dry weight. 

The factors which determine the iodine content of pastures are not well 
understood. Thus Simpson (22) found little correlation between the iodine 
content of a soil and the iodine content cf the pasture grown on it. She 
postulated that the botanical composition and stage of maturity of the 
herbage could influence the iodine content, as could the season. In this paper 
a method for the determination of iodine in plant materials is described and 


the effects of soil type, botanical composition and seasonal change on pasture 
iodine content are reported. 
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A. Method of Determining Iodine in Plants 


The older method for determining the iodine content of biological tissues 
has been to ignite the material in the presence of a large excess of sodium 
carbonate and to titrate the iodate so formed with thiosulphate. This proce- 
dure is slow, lacks sensitivity and is unsuitable for analyses of plants. 

Attention has been given by several workers to the development of a more 
sensitive method based on the catalytic action of iodide on the reduction 
of ceric ion by arsenious ion (Fister, 10; Kirk, 13). This method has proved 
satisfactory for the analysis of blood and thyroid tissue. The modified proce- 
dure detailed below was found to be suitable for plant material; for com- 
pleteness all the steps are set out. 


Reagents 


Todine-free water, redistil distilled water from KOH (35 g. per 100 ml.). 

70 per cent sulphuric acid. 

60 per cent aqueous chromic acid. 

50 per cent aqueous phosphorous acid or saturated oxalic acid. 

Arsenious acid reagent (Barker, 2). In a 400 ml. beaker place 50 ml. N NaOH; 
add 3.71 g. dry arsenious acid and stir until dissolved; add 200 ml. iodine-free dist- 
illed water and mix; add sufficient 70 per cent sulphuric acid until neutral to 
litmus — about 2.5 ml. are required; add, with constant stirring, an additional 
54 ml. 70 per cent sulphuric acid and quantitatively transfer to a 500 ml. volumetric 
flask; dilute to volume with iodine-free distilled water, allow to cool and readjust 
volume; add 3.125 g. iodine-free sodium chloride and shake until dissolved. Pre- 
serve in Pyrex stoppered bottle. 

Ceric reagent. 12 g. ceric ammonium nitrate is added to 500 ml. 3.5 N H,SO, 
and stirred thoroughly. The solution is turbid but, with occasional stirring, clears 
within 30 minutes. Preserve in Pyrex glass-stoppered bottle. 

1 per cent sodium hydroxide, containing 2 per cent by volume of the arsenious 
acid reagent. 

Standard potassium iodide solution. Crystalline potassium iodide is dried to con- 
stant weight in a desiccator. 130.8 mg. KI is dissolved in iodine-free distilled water, 
made to 1 1. and stored in a Pyrex brown glass-stoppered bottle away from direct 
light. A fresh standard solution is prepared each month. 


Apparatus 


The apparatus used is shown in Figure 1; modifications have been made to the 
still described by Fister (10) by changing the conformation of the trap (E). For 
efficient operation the relative proportions of the component parts of the still are 
critical. The length of the capillary tube is 13 cm. and the internal diameter 1 mm. 
Each still should be tested for recoveries of iodine and modifications in the relative 
resistances of the trap and the capillary tube should be made until quantitative 
recoveries are obtained. 
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Figure 1. Photograph and line drawing of iodine distillation apparatus showing À, drip 
trap; B, baffle plate; C, capillary; D glass seal; E, trap. 


Method 


Digestion procedure. One gram dry weight of material is placed in the digestion 
flask with 25 ml. 70 per cent sulphuric acid, 5 ml. 60 per cent chromic acid and 
2 glass beads. A reaction takes place at room temperature and when the effer- 
vescence has subsided chromic acid is added in 5 ml. aliquots until an excess of 
chromate is present. As much as 25 ml. may be required for material which is 
difficult to digest, such as the ryegrasses. The mixture is heated over a gentle flame 
until sulphuric acid fumes fill the flask and a precipitate of chromate is present. 
Digestion is continued to completion, with periodic addition of iodine-free water. 
The times required for digestion vary with the nature of the tissue (clover leaves, 
0.7 hr., ryegrass leaves, 3 hr.). The completeness of digestion may be tested by 
131] recovery tests as detailed below and it is recommended that this be done when 
a different plant material is to be analysed. 

Distillation procedure. Iodine-free water (25 ml.) is added to the digestion flask, 
the distillation apparatus is attached and the flask is heated. Sufficient iodine-free 
water is added through the upper opening of the trap to fill the stopcock region, 
followed by 1.2 ml. of 1 per cent sodium hydroxide reagent. The water condenser 
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80 


% TRANSMISSION 


Figure 2. Calibration curves prepared from 
standard KI solutions. 


is assembled in such a way that the condensate enters the drip-trap (A) and is 
returned to the flask. Saturated oxalic acid (10 ml.) or phosphorous acid (10 ml.) 
is placed in the dropping funnel and the flame removed. The trap must be sealed 
with water and the reducing agent should be blown in gently. The distillation is 
continued for a further 20 minutes, after which the trap is drained and washed 
with iodine-free water. The absorption liquid and washings are collected in a 25 ml. 
volumetric flask, cooled and made to volume. A reagent blank is distilled in a 
similar manner. 

Estimation. Suitable aliquots of the sample (1—5 ml.), the reagent blank dis- 
tillates and the iodine-free water are placed in matched tubes. Arsenious acid reagent 
(0.4 ml.) is added to each tube and mixed. The contents of each tube are diluted 
to exactly 9.5 ml. with iodine-free water and mixed. Ceric sulphate reagent (0.5 ml.) 
is added, mixed, the time noted and the tube placed in a water bath at 37.0 +0.1°C. 
At successive intervals of 1 min. exactly 0.5 ml. ceric reagent is added to the reagent 
blank and to the sample, the times noted and the tubes placed in the water bath. 
Exactly 15 (or 30) min. after placing the reference blank in the bath, the tube is 
removed, wiped dry, and placed in a spectrophotometer. The latter is set at 20 per 
cent transmission at a wavelength of 420 mu. These manipulations must be carried 
out in less than one minute. Exactly 15 (or 30) min. after placing the reagent blank 
in the bath, the tube is removed, wiped dry and the transmittancy measured against 
the reference blank in less than one minute. Exactly 15 (or 30) min. after placing 
the sample in the bath, the tube is removed, wiped dry and the transmittancy 
measured against the reference blank. 

The amount of iodine present is linearly proportional to the amount of ceric ion 
reduced and this is read off from a standard curve (Figure 2) prepared from 
standard KI solutions. A dilute standard is made by 100-fold dilution of the stock 
standard with iodine-free distilled water immediately before calibration, (1 ml. 
contains 1 ug. iodine). Aliquots containing 0, 0.005, 0.01, 0.02, 0.04 ug. are trans- 
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ferred to matched tubes and the rate-reaction procedure carried out as described 
above. : 

Error. Between 20 and 40 per cent transmission, the standard error per single 
determination was found to be +0.82 per cent transmission. Between 40 and 100 
per cent transmission, the error was +1.97 per cent transmission. 


Results and Discussion 


In applying the method of Fister to the analysis of plant tissues, it was found 
that in order to obtain quantitative recoveries of iodine certain modifications had 
to be made, as detailed below: — 

(1) It was found necessary to change the structure of the trap to give more 
efficient scrubbing, as described above and depicted in Figure 1. 

(2) The distillation time has been extended to 20 min., this being found to be 
optimum. 

(3) A small quantity of arsenite was added to the alkali used in the trap. This 
is because the form in which the iodine is liberated by the oxalic acid or phos- 
phorous acid is probably free iodine, some of which is converted to iodide. It is this 
mixture which is absorbed in the trap by the alkali, forming a mixture of iodide 
and iodate. Iodate is non-catalytic in the rate-reaction — the presence of arsenite 
in the trap reduces any iodate present to iodide. The amount of arsenite added 
to the trap is only 0.025—0.01 per cent of the amount used in the rate reaction, so 
that no errors are introduced into the estimation by this procedure. 

It will be noted that in these analyses aliquots of total iodine varying from 
0.05 ug. to 1 ug. require to be digested and distilled. In view of the findings of 
Middlesworth and Truemper (17) that recoveries of only 50 per cent could be 
obtained from the distillation apparatus when aliquots of 0.05 ug. iodine were used 
in pure solution, {71 and '3!I recovery experiments with pure solutions were per- 
formed using the method described above. These are summarised in Table 1, where 
it will be seen that the recoveries are satisfactory in all cases. (13!1] was added 
carrier-free in doses of approximately 20 uC). 

(4) It was found that for certain plant tissues the digestion time requires to be 
increased to 3 hours. The necessity for this was ascertained by 1311 recovery experi- 
ments, the radio-isotope being added carrier-free in doses of ca. 100 uC. to the 
cooled digest after varying periods of digestion. Results for the ryegrasses and 
white clover are summarised in Table 2. It will be seen that incomplete recoveries 
of both #71 and I were obtained over short digestion times with the ryegrasses. 
These digests appeared clear to the naked eye but closer examination revealed the 
presence of carbonised material in a very fine state of dispersion. Prolonged diges- 


Table i. Recovery of 171 and #1] from inorganic solutions. 


Amount 1°71 present 
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Amount !27[ recovered 


ug. ug. 0/0 
ons ste DE nt MP MES ee 

100 100 94.7 

100 0.95 94.9 

0.19 0.10 98.8 

1.00 {plus 13 mg. KC1) 1.01 : 


Amount 11] recovered 
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Table 2. Recovery of "I and added 1%] from chromic acid digests of clover and ryegrass 
herbage with varying times of digestion. 


Amt. 127] found | °/o #11 recovered| Digestion ti 
Herbage = eae 

2 ug/100 g. D.W. in distillate Hr. | 

| 
White clover (containing glucoside) 35.5 95 0.7 
White clover (no glucoside) ...... 8.5 95 0.7 
135.0 95 3.0 
Berennialiryegrass u... une 45.0 42 1.5 
49.5 16 1.5 
. 23.0 5 B 
Short rotation ryegrass ........... { 85 er = 


tion resulted in satisfactory recoveries and the disappearance of the carbonised 
material. 

Particular care is necessary in ensuring that contaminants of various kinds shall 
not impair the accuracy of the estimation. In routine operation the reagent blank 
should be identical with the reference blank. If not, reagents should be recrystal- 
lised or replaced until this is so. No iodine, iodides or mercury should be present 
in the vicinity of the apparatus. Several interfering agents are known for the rate 
reaction, viz. Os, Ru, Hg, CN, SO, and Cl, the latter only at high concentrations. 
The first three should not be present in samples in significant concentrations and 
the last three are destroyed or volatilised during digestion. 

The sensitivity of the above-described method for plant tissues is 900 times 
greater than the older method of von Fellenberg (8) as modified by Leitch and 
Henderson (15). The latter authors state that the lower limit of detectable iodine 
by their method is 0.08 ug., corresponding to 0.002 ml. 1/500 N thiosulphate in the 
final titration. In the above method the lower limit of detectable iodine is 0.00009 ug., 
corresponding to 0.25 per cent transmission in the final rate reaction procedure 
(measured after 30 min.). The method is also at least 10 times more sensitive than 
the method of Fister as used for pure solutions by Middlesworth and Truemper (17). 
The standard error per single determination should never be greater than +5 per 
cent. Unless a longer digestion time than 0.7 hr. is required, a single determination 
can be completed in 1.7 hr. 


B. Iodine Content of Pasture Species as Influenced by Season 
and Soil Type 


The above-described method for the determination of iodine in plant mate- 
rials has been utilised for a brief survey of the iodine contents of herbage 


of pasture plants. 
Experimental 


New Zealand certified strains were sampled wherever these were available. 
Herbage samples were air-dried at 60°C in a forced-draught oven, carefully cleaned 
of particles of soil and ground in a Wiley mill. Single chemical determinations 
were made on each sample. 
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Effect of species and season on iodine content. — During the period February, 
1955, to January, 1956, herbage analyses were made on plants growing in a “Species 
Trial” at Te Awa Hill Station. The individual species were grown separately in 
plots replicated six times. The herbage was cut monthly and aliquoted to form 
bulked three-monthly samples; each determination made therefore represents the 
mean iodine content of all herbage (leaves plus stems) taken from the plots con- 
cerned over a period of three months. Fertilisers were applied at uniformly high 
levels to all plots (McNeur, 16) at three-monthly intervals, so that no differential 
influence of fertilisation on the herbage iodine levels found (due to iodides present 
in the fertilisers) is to be expected. 

Effect of soil type on herbage iodine content. — Herbage analyses were made on 
seven common pasture species growing at four localities in the North Island. Deter- 
minations were made on single samples of herbage, sampled during the period 
January—February, 1956. Soil samples were taken of the 0—3 inch horizon and 
were analysed for iodine by the same procedure as used for herbage analyses, using 
a digestion time of 0.7 hr. 


Results 


Effect of species and season on iodine content. — The results of herbage 
analyses from the “Species Trial” are presented in Table 3. It will be seen 
that the strains of pasture plants investigated have markedly different 
inherent capacities for taking up iodine. The highest herbage iodine content 
was found in certified perennial ryegrasses. The iodine content of certified 
Italian ryegrass was always found to be somewhat less (one-half to two- 
thirds) than that of perennial ryegrass. Short rotation ryegrass (which is 
derived by selection after hybridisation of Italian and perennial ryegrasses) 
contained less iodine than either of these two strains. For further examina- 
tion of species and seasonal difference, the species were grouped according 
to their average annual icdine contents as follows: — 


Group 1: Perennial ryegrass, Italian ryegrass and white clover. 

Group 2: Montgomery red and broad red clover, short rotation ryegrass, 
brown-top, Mt. Barker and Tallarook subterranean clover. 

Group 3: Cocksfoot, Poa trivialis, Poa annua, and Yorkshire fog. 


The S.E.’s of the average annual iodine contents for each of Groups 1, 2 
and 3 were 4.2, 5.0 ad 2.9 respectively. In Group 1, the iodine content of 
perennial ryegrass was significantly higher than the other two in annual 
average. Perennial ryegrass, Italian ryegrass and white clover were all signi- 
ficantly higher in iodine content than Montgomery red and broad red clover, 
short rotation ryegrass, brown-top, Mt. Barker and Tallarook subterranean 
clover. In Group 2, Montgomery red clover was significantly higher in iodine 
content than all other species; there were no significant differences in the 
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Table 3 A. Effect of species and season on herbage iodine content. Species yields are 
calculated relative to a perennial ryegrass yield of 100 for the period February, 1955 to 
January, 1956. Iodine content is expressed as ug. per 100 g. dry weight and total iodine 
uptake is calculated relative to an uptake of unity by perennial ryegrass over the year. 


à 


Autumn Winter Spring Summer | 
u Total | 
i =|8 -/ 2 = | a Annual a 
ra i 2 3 as) E 8 5 Ke) : ö = rg = § = rs Iodine eae 
ss OD SDA OS 9382| 2e Sel og Jptake 
Ce el ler a der 
erennial ryegrass| ss; 135.0 186.0 130.0 130.0 
Lolium perenne) N { 29.9 20.3 PDS 27.6 145.5 + 42| 1.00 
Man ryegrass = | . 90.0 122.5 60.0 65.0 : r 
Lolium LUE ae À 16.3 21.5 20.4 21.8 | 84.5 + 4.2] 0.47 
hort rotation ryegrass 23.0 52.5 16.0 27.5 = 5 
Lolium perenne x multiflorum) 18.6 2973 2173 Bo] | 31.04 5.0" 0.20 
‚ocksfoot, C23 Some ISRAEL, J 8.3 7.8 22.5 27.5 ‘ 
Dactylis glomerata) 25.7 13.1 17.4 40.1 | el EN 
Brkshire fog! |............ 6.0 7.8 5.5 8.3 
Holcus lanatus) | 12.3 7 16.9 24.2 | 6.9 + 2.9] 0.04 
mon ol 18.8 18.5 22.5 30.0 - r 
Agrostis Sarit | 12.0 6.2 8.2 5.3 | 22,5 + 5.0| 0.05 
8.3 € : 
oT) GNT ea ae ee | 6.7 9 17.1 == 73 ca 0.3 | 11.0 + 2.9! 0.02 
Dias ee } = 6.8 ne 11.9 UE 11 12,5 2.2 | 15.8 +2.9| 0.02 
matesclover, | 77.5 123.5 80.0 83.8 
ee | 12.1 13 7.3 25 |} 10442) 0.29 
It. Barker subterranean clover 15.5 18.8 32.5 27.5 
Trifolium subterraneum) } 1275 6.1 20.9 5.8 | el EN 
allarook subterranean clover 12.5 1225 30.0 22.0 e 
Trifolium subterraneum) } 12.1 7.4 22.2 13.2 | SEE) ANR 
road red clover 27.5 27.5 37.5 33.8 
l'rifolium et | 25.0 16.1 18.5 61.9 | AAA AT 
Trifolium pratense) |,...... 38.8 40.0 62.5 46.3 5 
[ontgomery red clover 21.5 10.5 19.1 82.8 \ er Az 


1 Uncertified strain. 


remainder of the group. In Group 3, Yorkshire fog was significantly lower 
than all species except Poa annua. 

The seasonal means for the iodine contents of the three groups of species 
are shown in Table 3 B. For Group 1, the iodine content was significantly 
higher in Winter than in all other seasons. There were no seasonal dif- 


Table 3B. Seasonal iodine contents in species trial (all species in groups as detailed in text). 


| Species Autumn Winter Spring | Summer SE d 5 
Group 1 101.0 144.0 90.0 93.0 + 4.8 16.6 
Group 2 22.7 29.1 33.5 31.2 4.1 — 
Group 3 7.9 8.0 16.0 18.4 2.9 9.1 
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Table 4 A. Iodine content of herbage of species growing on different soil types.! 


a er ; 
| Herbage iodine content (ug. per 100 g. dry weight) 
Species Manawatu Raumai Horatiu Ohaeawni 

sandy loam | hill soil sandy loam silt loam 
Perennial ryegrass .............. | 160 135 | = 150 
Short rotation ryegrass ......... 16.8 23.0 | == 15.0 
Cocksioote. ar best | 25.8 22.5 | 12.51 17.51 
Montgomery red clover ......... 37.5 46.3 | — | 30.01 

! Broad red=clover .-.....-.. 20 21-5 33.8 | — j j 

WP AWiite élovers 3, atome Tipe 80.0 | 41.51 1% 
Paspalum dilatatum ............ 128.01 1700!220 _- 128.0 


1 Uncertified strain. 


Table 4B. Jodine content and pH of different soil types.i 


eS 


Soil type 
Iodine content and Soil pH Manawatu | Raumai | Horatiu Ohaeawai 
sandy loam} hill soil | sandy loam silt loam 
Soil iodine content (ug. per 100 g. 
dry weighty 2 em «ccs 300 176 848 853 
SOM DH rs ere een 5.5 5.0 5.5 5.2 


1 Soil types as classified in N.Z. Soil Bureau Bulletin (n.s.) 5. 


ferences in Group 2. In Group 3, the iodine contents for Spring and Summer 
were significantly higher than in Autumn and Winter. 

Effect of soil type on herbage iodine content. — The results of a brief 
survey of herbage and soil total iodine contents are summarised in Tables 
4A and 4B. It will be seen that there was no correlation between the total 
iodine content of the soils investigated and the iodine content of the herbage 
growing on these soils. 


Discussion 


Although many workers have demonstrated that there are large differences 
in the iodine contents of different species of land plants, there have been 
few attempts to elucidate the extent to which these differences are influenced 
by environment and by the genetical constitution of the plant. With regard 
to the possible effect of species, Bourcet (4) determined the iodine content 
of single plants of 28 species grown in the same soil and with the same 
external conditions. The amounts found varied from nil in potatoes and 
some other vegetables to 94 ug. per 100 g. for garlic. Bourcet’s own figures 
show, however, that the differences between plants of the same species were 
often greater than the differences between plants of different species. Cam- 
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eron (6) observed that some species of seawed appear to have a higher 
iodine content than others, but as the higher iodine content seems to occur 
only in those species which grow below the tidal zone, a possible environ- 
mental factor is not excluded. 

The results reported above show that for pasture plants a clear-cut species 
effect is operative, leading to a surprisingly wide range of iodine contents. 
Other strain differences have been noted by the authors e.g. cyanogenetic 
and non-cyanogenetic white clover (Flux, Butler, Johnson, Glenday, and 
Petersen, 11). Also a strain of perennial ryegrass which contained only 
8.3 ug. I per 100 g. dry weight was found in a pasture which was 40 years 
old (Butler, Johnson, Flux, and Petersen, 5). The inheritance of the ability 
of pasture plants to absorb differing levels of iodine from the same soil type 
is under investigation and will be the subject of a separate communication. 

It will be seen from Tables 3A and 3B that there is a seasonal change in 
total iodine content for several species. The interpretation of the seasonal 
changes in mean iodine contents of the Groups in Table 3B must await 
further knowledge of the plant physiology of iodine and of seasonal changes 
in the amounts of available iodine in the soil. The effect of season is of 
seeondary importance compared with the inter-species differences. 

The lack of any correlation between the total iodine contents of soils and 
of pasture herbage shown in Table 4 is in accord with the observations of 
Orr and Leitch (19), Simpson (22) and Newton and Toth (18). Several 
workers have shown that the addition of iodine to the soil leads to an 
increased iodine content of the plant cover (Stoklasa, 2, von Fellenberg, 9, 
Scharrer and Strobel, 20, Orr and Leitch, 19, Simpson, 23). For pasture 
plants the iodine contents are raised to levels considerably in excess of those 
reported in Tables 3A, 3B and 4. Using nutrient solution cultures the 
authors have observed similar high herbage iodine contents for short rota- 
tion ryegrass (62 to 513 ug. per 100 g.) when the solutions contained 10— 
100 ug. I per litre. It can be concluded that the greatest proportion of soil 
iodine is present in a form which is not readily available for absorption by 
pasture plants. Further, the concentrations of available iodine present in 
the soils examined in the work reported here must all be similar in magni- 
tude. In this connexion the effect of soil pH on the availability of soil iodine 
requires further elucidation. von Fellenberg (9) found that added iodine is 
absorbed by plants more readily from acid than alkaline soils and this 
appears to be supported by the observations of Beeson (3) on the relation- 
ship between goitre incidence and soil type. In the present work, the soils 
investigated were all acid (Table 4), so that the herbage iodine contents 
found would be expected to be maximal for this variable for any particular 
strain. It remains to assess the importance of this aspect. 
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Summarising, the effect of species has proved to be of much greater 
importance in determining the iodine content of pasture herbage than either 
the soil iodine content or the season. 

The thirty-fold differences in herbage iodine contents found in this work 
are likely to be of importance in animal nutrition. Several of the strains 
investigated have contents of iodine lying below the range which has been 
observed by Simpson (22) and the authors to be associated with congenital 
goitre in sheep, namely less than 30 ug. per 100 g. dry weight. The factors 
determining the availability of iodine to grazing animals are unknown, how- 
ever; it is unlikely that the herbage iodine content can be equated directly 
with the amount available to the grazing animal. In this connexion a know- 
ledge of the forms of chemical combination of iodine within the herbage 
will be of importance. 

It is of interest to compare the variations in iodine content of pasture 
herbage reported here with figures obtained by other workers for other 
micronutrients. Andrews (1) reported typical cobalt contents of seven pasture 
species, ranging from 0.09 p.p.m. for timothy to 0.24 p.p.m. for white clover. 
Kretschmer and Beardsley (14) have investigated the accumulation of 
molybdenum by forage plants growing on the Everglades organic soils of 
Florida. They observed no correlation between the Mo content of the soils 
investigated and the Mo content of the forages growing on them. A strong 
species effect was observed, leading to a twenty-fold range in Mo contents 
of the herbage. It is obviously desirable to study further the physiology and 
genetics of accumulation of micronutrients by pasture plants and to test the 
possibility that the factors controlling the uptake of different micronutrients 
may be interrelated. 


Summary 


(1) The method of Fister for the determination of total iodine in blood 
has been modified to be applicable to plant tissue. 


(2) Large differences between pasture species in the ability to accumulate 
iodine were found. Within any species the effects of soil type and season 
were generally small. 


The authors are indebted to Mr. F. E. T. Suckling for the provision of samples 
and yield data from the Te Awa Species Trial and to Messrs. L. Corkill and J. Lam- 
bert for the provision of samples. Thanks are also due to Mr. A. C. Glenday, Dr. 
A. T. Johns, Mr. T. H. Kennedy, and Dr. J. Melville for helpful discussion during 
the course of this work and to Mr. W. D. Bennett for technical assistance. 
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Introduction 


In the studies of the effects on plants of externally applied auxins it was 
early realized that the treatments not only caused changes of the longitudinal 
extension of the plant cells but also morphological and anatomical modi- 
fications of the tissues. For roots it was observed that auxins, besides decreas- 
ing the longitudinal extension, also promoted swelling of the root tip and 
the part of the root developed in the auxin medium (e.g., Cholodny 1931; 
Thimann 1936, 1937; Lane 1936; Levan 1939; Burström 1942). Cholodny 
(1931) pointed out that swellings of corn roots were promoted by auxin from 
tips of Avena coleoptiles fixed on the root tips. The thickenings were observed 
to arise principally through the radial enlargement of the cortical cells. In 
the same way Levan (1939) found that auxins changed the polarity of Allium 
root cells, inducing an increased lateral extension of the cell walls. The 
swellings were due mostly to the extreme enlargement of the cortex. Either 
there was no increase of the cell number in the highly thickened tissue or, 
in some cases, the cortical enlargement was connected with increased cell 
divisions and an increased number of the longitudinal cell rows. Lane (1936) 
and Thimann (1937) found that indoleacetic acid inhibited the growth in 
length of Avena roots and simultaneously caused slight swellings of the root 
tips. The thickenings of the root could not account for the decrease in length 
of the roots. Burström (1942), too, found only small thickenings on wheat 
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roots treated with indoleacetic acid. Burström found the total number of 
cell divisions constant, but there was some change from a transversal to a 
radial plane of division, causing a shortening and a swelling of the roots. 

The swellings of roots caused by auxin were also observed to be followed 
by an abundant development of long root hairs (Cholodny 1931; Borgström 
1939 a, b; Burström 1942). The intense growth of root hairs in auxin media 
was preferably based upon macroscopical observations. Through the shor- 
tening of the epidermal cells the roots were densely covered with root hairs, 
which gave the impression of a vigorous growth of root hairs. Burström 
(1942), however, mentioned that root hairs of wheat grew longer in auxin 
media than in the control. Burström was also the first one (1942) to give 
any numerical value of the increase in length of root hairs after auxin 
treatments. 

Thus, it must be stated that the shortening of the root cells and the 
thickening of roots caused by influences of auxins are very often accom- 
panied by a vigorous development of long root hairs. In other investigations, 
however, it was shown that auxin had no or only small effects on the elonga- 
tion rate of root hairs (Meesters 1936; Lundegärdh 1946; Ekdahl 1953). 
Meesters concluded that root hairs were less sensitive to indoleacetic acid 
than were the roots of Agrostemma Githago. The root hairs were either 
insensitive to the auxin or their elongation rate was decreased by about 20 
per cent only at a concentration which caused a maximal inhibition of root 
elongation. Lundegärdh (1946) found that root hairs of wheat elongated 
unaffected by indoleacetic acid, even in a high concentration of the auxin 
(10 5 M), for at least one hour at pH 6. Treatment with the same auxin 
concentration at pH 4, however, caused almost immediately a strong decrease 
of root hair elongation. It must be pointed out that the observations of 
Meesters and Lundegärdh were made on root hairs initiated and partly 
developed in an auxin-free medium. The swellings of the roots and the 
increase in root hair length, however, were observed in the region of the 
root mainly developed in the auxin medium. 

In a previous paper I mentioned some preliminary data indicating that 
root hairs of wheat elongated unaffected by auxin treatments during the 
first hours (1953). After long treatments the hairs reached lengths much 
higher than hairs under the control Conditions. During the last three years 
I have carried out several experimental series for the purpose of studying 
thoroughly the effects of auxins and antiauxins on the growth of root hairs 
and roots. The actual aim has been to find out if there exists any correlation 
between root extension and root hair development and, if so, to confront it 
with the hypotheses on the mechanism of auxin action in plant cells. The 
present paper deals with the effects of indole-3-acetic acid (IAA) and 2,4- 
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dichlorophenoxyacetic acid (2,4-D) in various concentrations on the elonga- 
tion rate of root hairs and the simultaneous elongation of the roots of wheat. 
Special interest has been paid to the variation of the auxin effects during 
different periods of the treatments. 


Material and Methods 


The measurements have been made on root hairs and roots of intact wheat seed- 
lings (var. Diamant II, Svalöf). During the experiments the roots were grown in an 
observation chamber with flowing nutrient solution, the chamber being placed on 
the stage of a microscope. The apparatus and the main feature of the experimental 
procedures were the same as described earlier (Ekdahl 1948, 1953). The standard 
nutrient solution (S-solution) has been of the same composition as previously 
employed. The pH of the S-solution was about 6.3 and the temperature 20— 22°C. 
The solutions were aerated in the containers of the apparatus. The speed of the 
flowing media was never lower than 50 ml. an hour. From the moment of the 
change of the flowing stream it takes about three minutes before the solution in the 
observation chamber is fully renewed. The concentrations of the auxins are given 
in mole per litre (M). Before the auxin treatment the elongation in S-solution for 
two hours (0—2) was measured as a control. The elongation rate of hairs on roots 
of varying age (one to six days) was earlier found equal (Ekdahl 1948). In the 
auxin media the elongation of root hairs and roots has been determined during 
three periods, firstly 2—8 hours (I), secondly 24—32 hours (II) and thirdly 48—54 
hours (III) after the start of the auxin treatment. Every 24 hours the medium was 
replaced by a newly made auxin solution. Two to three-day-old seedlings were used. 
The average values of the elongation rate of root hairs in w/hour (w/h) and the 
relation between the number of growing hairs and the number of observed hairs 
(“g/o”) are given in the tables and have been measured and calculated according 
to the procedures mentioned in detail in my first paper on root hairs (Ekdahl 1948, 
pp. 115—118). In experiments with long auxin treatments the epidermal cells were 
markedly shortened and the root hairs were growing very densely. It was then often 
difficult to follow the originally observed root hairs for a long time. The markings 
chosen as the zero points for the measurements were often covered by other root 
hairs and lost for further determinations. Sometimes when numerous hairs were 
lost for observation, new hairs suitable for measurements were selected. This fact 
explains the abrupt variations found in the “g/o”-values of the long-time experiments 
(Tables 3 and 4). Another difficulty also occurred during the measurements of 
individual root hairs in the long-time experiments. The roots sometimes turned or 
rotated as a result of irregular growth. For the most part such movements of the 
roots were without importance for the determinations of the root elongation, but 
they moved the root hairs chosen for observation out of the horizontal plane. 

The root elongation was determined simultaneously with the root hair measure- 
ments. One of the lines of the eyepiece micrometer was chosen as a reference point. 
At each observation the chamber was moved on the stage until this line fell on the 
Rapp a between the root cap and the apical cells of the meristem. The increase 
is ET i Li determined from readings on the scales of the microscope stage. 

g experiments the basal parts of the roots were pulled out of the 
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chamber so that it was possible to follow the stretching of the root tip during 
another observation period. The root parts outside the chamber were always kept 
wet by the application of cotton strips continuously absorbing solution from the 
chamber. In some of the long-time experiments the roots were pretreated in culture 
tubes with auxin solution. After about 24 hours’ treatment the roots were placed 
in the observation chamber, and the root hair elongation was determined. 


Results 


No principal differences have been detected between IAA and 2,4-D in 
their effects on roots and root hairs. 

The effect on the root growth is the well-known decrease of the longi- 
tudinal extension of the root cells. Swellings of the roots have also been 
observed, but there was no time to analyse the changes in polarity and 
dimensions of the root cells. Such measurements, however, have been carried 
out in another experimental series. 

The root hairs turned out to be much less sensitive to the auxin treat- 
ments than the roots. Furthermore, the hair response changes with the 
duration of auxin influence. These observations are in good accordance with 
earlier results (Meesters 1936; Lundegärdh 1946; Ekdahl 1953). 

The rate of the longitudinal extension of the roots in the S-solution has 
been about 0.9 mm. per hour (see Figures 1, 3, 5). This value is a little lower 
than that.of my earlier observations (Ekdahl 1953) but lies within the limits 
of variation between batches from different years. The root elongation de- 
creased almost immediately after the changes to the auxin media. Similarly, 
Lundegärdh (1942, 1949) has reported on very rapid responses of wheat 
roots to IAA treatments. During the first day of treatment (period I), the 
effectiveness of the various concentrations of the two substances has been 
in accordance with the values of inhibition recordea on wheat roots by other 
authors (Burström 1942; Äberg 1954; Hansen 1954). In IAA 106 M (Figure 1) 
the root elongation was about 20 per cent of the control, and in a medium 
with IAA 107 M it was lowered to ec. 35 per cent during the first day of 
observation (Figure 3: I). Later on there was some recovery and during the 
third day (Figure 3: III) about 50 per cent of the elongation rate had been 
recovered. 2,4-D was less effective on roots than IAA in the same concentra- 
tions (cf. Aberg 1954). In 2,4-D 5 : 107 M the roots lengthened to c. 35 per 
cent of the control (Figure 5), but in this experiment no regression could 
be observed. Figures 3 and 5 clearly show that the rapid adaptation observed 
in my earlier experiments (1953) was not reproduced. 

During the years 1953 and 1954 I made several observations on roots 
growing in a flowing S-solution with varying concentrations of IAA and 
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2,4-D, but I never got such a conspicuous and rapid adaptation to the auxin 
media as in the preliminary experiments referred to earlier. The recovery 
never reached the values of the control, and no significant difference in 
recovery rate between IAA and 2,4-D has been found in these experiments. 
For an explanation of the recovery phenomena of roots from intact plants 
further exhaustive experiments seem necessary. 

The most notable results come from the observations of the auxin effects 
on the elongation of root hairs. The experiments establish that the root hairs 
were much less sensitive than the roots (Tables 1, 2; Figures 1, 2, 4). Special 
attention must be called to the change of elongation rate which appears if 
the auxin treatments and the observations of the hairs are extended for 
days (periods II—III; Tables 3, 4; Figures 1, 2, 4). The results show that 
root hairs initiated and partly developed in standard nutrient solution 
elongated almost unaffected by the auxins (period I). Root hairs grown out 
from the parts of the roots that were mainly developed in the auxin media 
(periods II—III) give quite another response, showing an increase of the 
elongation rate. The increasing effect lasted for more than two days. 

The average value of the controls, i.e., the elongation rate in the S-solution 
(0—2 hours), was 82 whour (Table 6). This figure agrees very well with 
earlier values of the elongation rate of root hairs of wheat roots (Ekdahl 
1948, 1953; cf. Kopp 1948). 
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Figure 2. Root hair elongation in nutrient solution with IAA 1077 M. Mean values of root 
hairs from 2 roots. Arrows indicate the change from S-solution to S-solution+ 
auxin or changes to fresh auxin solution. 

Figure 3. Root elongation in nutrient solution with IAA 107 M. Mean values of 4 roots. 
The same experiment as in Figure 2. Arrows as in Figure 2. 


The insensitivity of the root hairs to auxin treatments during the first 
measurements (period I) is shown in Tables 1, 2 and 6 and in Figures 1, 2 
and 4. In the experiments with the highest concentrations tested, IAA 
4:10 5 M and 2,4-D 5:10 ° M, the elongation rate decreased by about 15 
per cent (Table 6), if an average value is compared with the control. In all 
the other experiments the elongation rate of the hairs has shown only 
insignificant deviations from the control. No difference between IAA and 
2,4-D has been found. The simultaneous measurements of the root and the 
root hair elongation clearly show that auxin concentrations, decreasing the 
roots to 20—35 per cent of the control, have no effect on the elongation rate 
of the hairs during the first period (Figures 1, 2 and 4). In the experiments 
with IAA 10-6 M the elongation of individual root hairs has been followed 
during a long period (23 hours; Table 1; Figure 1). At first there was as 
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Root hair elongation in nutrient solution with 2,4-D 5:10” M. Mean values 
of root hairs from one root. Arrows as in Figure 2. 
Root elongation in nutrient solution with 2,4-D 5-10” M. Mean values of 3 


roots. The same experiment as in Figure 4. Arrows as in Figure 2 


The elongation of root hairs before and after addition of indole-3-acetic acid 
(IAA) to the nutrient solution. 


0—2 hours: S-solution. | 
2—23 hours: S-solution+IAA (conc. in M). 


u/h=microns per hour; g/o=relation between the number of growing hairs and the 
number of observed hairs. 


S-solution + IAA (M) 

rider TPE - = - 
Eos x 4.10 ur 10 6 10 10 8 

p/h g/o r/h g/o r/h g/o p/h g/o u/h glo 

0— 1 86 14:14 92 13:13 76 10: 10 87 122.12 81 6: 6 
1— 2 85 14:14 89 14: 14 78 10:10 82 12212 82 at 
2— 3 ria 12:14 89 14:14 83 10:12 85 12212 77 brew 
3— 4 68 13:14 86 14:14 78 10:12 80 12312 80 eet 
4— 5 78 11:14 88 14:14 83 9:12 87 10212 77 TE 
5— 6 — me 89 13774 85 9:12 81 10712 77 DL, 
6— 7 u 87 912 — — 77 TT. 
7— 8 -- a 104 625 — —— _ — = — 
8—10 — — — — — — — — 

10 203 | ee ce ao suerte Bal = a ico 
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Table 2. The elongation of root hairs before and after addition of 2,4-dichlorophenoxy- 
acetic acid (2,4-D) to the nutrient solution. 

0—2 hours: S-solution. 

2—8 hours: S-solution+2,4-D (conc. in M). 

w/h and g/o as in Table 1. 


S-solution + 2,4-D (M) 

Ti = 
are 5.107 5.105 5.10—7 

v/h gjo p/h g/o p/h glo p/h g/o 
01 66 5:5 86 11:11 = = 88 6:6 
£9 70 10: 10 87 11:11 80 9:9 84 6:6 
223 69 10:10 86 11:11 75 9:9 85 10:10 
34 73 10:10 85 11:11 77 9: 9 79 10:10 
1 66 10: 10 85 11:11 79 9:9 76 9:10 
5—6 52 10:10 78 11:11 80 9:9 3) 5:10 
67 47 10:10 73 11:11 67 9:9 : 
78 31 10: 10 72 10:11 = = = = 


usual no effect of the auxin treatment, but later on the root hairs began to 
elongate more rapidly. After the night (10—23 hours’ period) only one of 
the hairs originally observed could be detected and this hair had elongated 
during the whole period at a rate markedly higher than the control. The 
increased rate was apparent already in the foregoing period (6—10 hours). 
The values of some individual root hairs until the 10-hours’ observation are 
plotted in Figure 1. This figure quite clearly demonstrates the difference 
between root and root hair responses to auxin. 

The elongation rate of root hairs has been followed for two further 
periods (II and III). The hairs observed during these periods have all been 


Table 3. The elongation of root hairs in nutrient solutions with indole-3-acetic acid (IAA). 
0—24 hours: pretreatment with S-solution+IAA (conc. in M). 

2432 hours: measurements in the same media. 

u/h and g/o as in Table 1. 


S-solution + IAA (M) 

un 10-6 5.10—7 2,10—7 10-7 2,10—8 
hours 3 

p/h glo »/h g/o p/h g/o p/h glo p/h g/o 
24 95 | 118 9:9 81 7:7 116 6:6 | 114 9:9 95 10:10 
962-26 | 117 9:9 85 9:9 118 7:7 | 120 10:10 98 10:10 
2 1270 11:11 6011-1111 123 7:7 | 118 1010 | 100 9: 9 
795.) 116 11:11 85 11:11 La = Ero 9:9 97 9:9 
28—29 TU an _ = as 
29—30 105° 10.112 0 — nl 115 6:6 = = 
Est — = 12 031:11 = = = — 
31—32 Hero en 1511 = _ Le ae. _ en 
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Table 4. The elongation of root hairs in nutrient solutions with 2,4-dichlorophenoxy- 
acetic acid (2,4-D). 
0—24 hours: pretreatment with S-solution+2,4-D (conc. in M). 
24—30 hours: measurements in the same media. 
w/h and g/o as in Table 1. 


S-solution + 2,4-D (M) 

Baur 5.10-7 2.10—7 
hours 

p/h gio | p/h g/o p/h g/o p/h glo p/h g/o 
24—25| — 2 ol MEF COLLINE 6:6 | 117 10:10 99 6: 6 
25—26 | 112 44 | 132 10:10 | 115 #3 11120 "112482 94 6: 6 
26—27 | 135 6:6 | 125 10:10 | 128 6:6 | 113 9:9 98 10:12 
27—28 | 130 6:6 | 129 10:10 | 131 8:8 | 113 9:9 102 10:12 
28— 29 | 117 6:6 | 118 10:10 | 130 5:61 SE — = = 
29—30 | 119 6:60) 123 : 10:10 1 HN = = = 


wholly developed in the auxin solutions. All the long-time experiments show 
that the root hairs have elongated at a rate significantly higher than during 
the first period (Tables 3 to 6; Figures 2, 4). The rapidity of elongation was 
120 to 150 per cent when compared with the average value for the controls 
(82 w/hour; see Table 6). The average elongation rate of root hairs in the 
auxin media during the second period (II) was about 140 per cent of the 
controls. The elongation of root hairs has been followed during the third 
period (III) in only two experiments (Figures 2 and 4). The rate of the hair 
elongation was still high, but somewhat lowered compared with the rate 
during the second period. 

Most evidently the increase of the elongation rate of root hairs caused by 


Table 5. The elongation of long and short root hairs in nutrient solution with 
2,4-dichlorophenoxyacetic acid (2,4-D). 
0—24 hours: pretreatment with S-solution+2,4-D 8-10-7 M. 
24—29 hours: measurements in the same medium. 
Long hairs — 500—1000 microns at the start. 
Short hairs — 50—75 microns at the start. 
wh and g/o as in Table 1. 


a ne 
S-solution + 2,4-D 8.10—7 M 
Time de . L De r ; “= 
RE ong hairs | Short hairs 
p/h glo | /h gio 

CE Ko CE LOS SOU DIE RS RS 
24—25 | 127 TT | —- — 
25—26 138 9:9 | 79 Sun 
26 —27 130 9:9 | 100 4: 4 
27—28 136 9:9 110 DD 
28—29 126 8: 8 119 5 
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Table 6. Survey of the elongation of root hairs during various periods of treatment. 
Control: 0—2 hours’ period in u/h. 
Auxin treatments: I: 2—8 hours’ period in per cent of control; II: 24—32 hours’ period in 
per cent of the average of the controls (82 u/h). 
m Te Er I a 


A dune ane ay Res Auxin treatment 
D PE CEE LY PT INT PPT MARTENEN IR 

IAA 4.106 86 | 85 = 

10—6 91 97 146 

5.10—7 — | — 115 

210 — | — 145 

107 77 108 — 

10 85 99 143 

2.10—8 = | 2 119 

10-8 82 95 = 

Average 84 97 134 

2,4-D 5.10—-4 68 83 | = 

510° 87 93 | — 

5.10—7 86 93 | 149 

2.10 £ — — | 152 

210 — | — | 156 
2.10—7 — | — 141 | 
2107 — | -- 120 
eee | 
Average 80 91 | 144 | 


auxin treatments has been independent of the concentration of auxin within 
a wide range of concentrations. This fact is valid both for the IAA and for 
the 2,4-D treatments. 

During the first two hours after their initiation the root hairs elongate rather 
slowly in S-solution and reach the maximal rate when the hairs have grown 
to 50 u or more. The maximal rate is then kept constant for a long time 
(Ekdahl 1948). In Table 5 values are plotted from one experiment with 
measurements of long as well as short, young hairs, all developed during 
the second period of treatment (2,4-D 8-107’ M). The long hairs have 
elongated at an increased and rather constant rate, but the short hairs show 
a slow and gradually increased elongation rate. Thus, young hairs seem 
to behave similarly in auxin media as in S-solution. 


Discussion 


Many of the processes involved in the normal growth of roots or part of 
roots may be influenced by growth-regulating substances. The auxin effects 
on roots are highly complicated, predominantly due to the distinct differen- 
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tiation of the root tissues and to the manifold functions of the roots. Actually 
the discussion will be restricted to the auxin effects on the elongation of 
root hairs. As for this subject we must remember that the root hairs are 
integral parts of the epidermal cells, protruding more or less perpendicularly 
to the root surface. It is an important fact too that root hairs elongate by an 
extreme apical growth mechanism. The apical part of the hair wall is 
supposed to consist mainly of pectic substances causing the high hydrophilic 
property of the wall, which brings about many of the specific properties of 
the hair tips frequently observed (see Cormack 1949, and Ekdahl 1953). 


The root hairs and the root epidermal cells have been quickly and simul- 
taneously brought into contact with the auxin media without change of 
any other external conditions. The root hairs were unaffected for hours, 
when at the same time the roots responded almost immediately with de- 
creased elongation. The rapid decrease of the root elongation must be localized 
to the stretching zone of the roots, whereas the root hairs grow on the more 
basal part of the root with mature epidermal cells. Thus, it is stated that 
the mechanisms of the longitudinal extension of root cells are influenced 
by auxin more quickly than the apical growth mechanism of root hairs. 
This fact is quite remarkable as the roots are composed of several different 
tissue layers, whereas the root hairs form parts of the epidermal cells only. 
The actual combinations of processes involved in cell growth or enlargement 
of cell walls may be different in the root hairs and the extending root cells. 


Sweeney’s statement (1944), however, shows that some properties of the 
hairs can be influenced by auxins as rapidly as the root cells. In her experi- 
ment Sweeney found that indoleacetic acid caused an immediate accelera- 
tion of the rate of protoplasmic streaming in the root hairs of Avena. Com- 
pared with the present results it seems obvious that this fact has no direct 
correlation with the apical growth mechanism of the hairs, particularly as 
the increased rate of protoplasmic streaming lasted for less than one hour 
and then resumed the ordinary rate. 


In the long-time experiments the auxin media caused further responses 
of the roots. The polarity of the root cells was changed and a lateral exten- 
sion of the cell walls was induced. The root hairs growing out from these 
thickened root parts elongated at an increased rate. The quantitative cor- 
relation between the swelling reactions of the roots and the accelerated 
elongation of the hairs will be elucidated in a later paper. 

In his early experiments Borgström (1939 a, b) has assumed the forma- 
tion of root hairs to be an auxin response promoted by a transversal trans- 
port of auxin. There may be indications that the root hair development is 


in part regulated by auxin, but the present results make it difficult to con- 
Physiol. Plant., 10, 1957 


ELONGATION RATE OF ROOT HAIRS 123 


clude that any transversal transport of auxins constitutes the main process 
in the growth of root hairs. 

In an earlier paper I proposed a hypothesis involving the conclusion that 
pectic enzymes play an important role in the mechanism of root hair growth 
(1953). This hypothesis is not fully proved in all details but is looked upon 
as a working hypothesis. There are, however, several available statements 
supporting my conclusions. The analytical localization of pectic enzymes 
in root hairs is uncertain and very complicated to establish as yet (Kertesz 
1951). 

Recently Cormack (1955), however, has tested the effects of some com- 
mercial preparations of pectic enzymes (pectinase) on roots of Brassica 
seedlings. Only one of the preparations (Pectinol 100 D, Rohm and Haas Co.) 
was found effective. Cormack found that a 0.75 per cent flowing solution 
of Pectinol 100 D reduced the root elongation to about 50 per cent of the 
control. All treated roots had an unusual appearance and were characterized 
by the lack of root hairs. The ordinary development of roots and root hairs 
was compared with the effects of this extreme culture condition only, 
whereas results of moderate treatments are lacking. The effects of externally 
added pectic enzymes on roots and root hairs will be further taken into 
consideration in a later paper. 

Other plant parts than roots have been found especially suitable in testing 
the effects of auxin on the production of pectic substances and the activity 
of pectic enzymes. With tissue cultures of excised tobacco pith Skoog and 
collaborators have performed successful experiments (see Skoog 1954 a, b). 
Wilson and Skoog (1954) have found that IAA stimulated cell expansion, 
and the formation of cell wall material and pectic substances. The content 
of soluble uronides was also changed. The changes in content of uronides 
and pectic substances were considered as an integral part of auxin-induced 
growth of cell walls. The same plant material has been used by Bryan and 
Newcomb (1954) in experiments carried out to study the effects of IAA on 
the activity of pectin-methylesterase. It appears from their results that IAA 
stimulated the activity of pectin-methylesterase, normally found in tobacco 
pith tissues. 

In experiments with red kidney bean plants Neely et al. (1950) found that 
the application of drops of 2,4-D solution caused a considerable expansion 
of stem as well as of leaf tissues. The activity of pectin-methylesterase in- 
creased both in the stem and in the leaf tissue of the 2,4-D treated plants. 

Thus, there are some data available showing that auxin treatments may 
be followed by increases in the production of pectic substances and the 
activity of pectin-methylesterase in plant tissues. All these results, however, 
refer to proliferating tissues with auxin-induced non-polar or low-polar 
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extension of the cells. The auxin-induced changes of the polarity of these 
tissues are highly interesting compared with the increased polar elongation 
of root hairs. It seems, however, premature to draw conclusions from com- 
parisons between the reactions on auxin treatments of such different plant 
tissues as stems, leaves, and roots. The results of the present investigation 
and the facts called attention to in the discussion may demonstrate the 
manifold processes changed by auxin treatments and also show the diffi- 
culties in settling the pathways of auxin effects in different plant cells or 
parts of cells (cf. Torrey 1956, and Burstrôm and Hansen 1956). Further- 
more, Burström has studied the differential elongation of epidermal cells 
of wheat roots. It was found that growth-regulating substances effect the 
elongation of hair-less cells and cells forming root hairs to a different extent 
(Burström 1942; Burström and Hansen 1956). In the latter cells the elonga- 
tion of the apical and the basal parts could be unequally changed. It may 
be stated that auxins influence the polarity of root cells and that the changes 
of the polar elongation of different parts of the cell wall are unequal. 


Summary 


The root hairs and the roots of intact wheat seedlings have been cultured 
in flowing media in an observation chamber. Additions of indole-3-acetic 
acid (IAA) or 2,4-dichlorophenoxyacetic acid (2,4-D) were tested. The longi- 
tudinal extension of roots and the elongation rate of root hairs were micro- 
scopically measured. The elongation of roots and root hairs was observed 
for up to three days, and measurements were made with one-hour intervals 
during periods of 3 to 10 hours each day. 

During the first day of auxin treatment (10-5—10-7 M) the root elonga- 
tion was lowered to 20 to 35 per cent of the control. Later on the root elonga- 
tion recovered more or less and on the third day the elongation rate could 
recover to about 50 per cent. The ordinary rate of root elongation of the con- 
trol was never reached. 

The decrease of root elongation was higher in IAA than in 2,4-D when the 
same concentrations were tested. 

Swellings of the root parts developed in the auxin media were observed. 

The root hairs were much less sensitive to the auxin treatments than the 
roots. The hairs elongated at the ordinary rate during up to 6 hours of auxin 
treatment with concentrations causing an almost immediate decrease of the 
root elongation. 

Root hairs initiated and growing out from root parts, developed in the 
auxin media, elongated at a higher rate than in the control. The increase 
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of elongation rate has varied between 20 and 50 per cent with an average 
value of about 40 per cent. This value is valid for the IAA as well as the 
2,4-D treatments. 

The longitudinal extension of root cells is influenced more quickly by 
auxin than the elongation of root hairs. It was concluded that auxins change 
the polarity of the root cells and that the polar elongation of different parts 
of the root epidermal cells is unequally influenced. 

The importance of pectic substances and pectic enzymes in the apical 
growth mechanism of root hairs has been discussed, but the available experi- 
mental data were found incomplete and did not permit definite conclusions. 


This investigation has been supported by grants from Magnus Bergvalls Stiftelse, 
Stockholm, and the Swedish Natural Science Research Council. 


References 


Aberg, B.: Studies on plant growth regulators. X. On the reproducibility of root growth 
results. — Ann. Roy. Agric. Coll. Sweden 21: 197. 1954. 

Borgström, G.: Root hair formation as an auxin response. — Kgl. Fysiogr. Sällsk. Lund, 
Forhandl. 9: 232. 1939 a. 

— The transverse reactions of plants. — Thesis, U. of Lund. 230 pp. 1939 b. 

Bryan, W. H. & Newcomb, E. H.: Stimulation of pectin methylesterase activity of cultured 
tobacco pith by indoleacetic acid. — Physiol. Plant. 7: 290. 1954. 

Burstrôm, H.: The influence of heteroauxin on cell growth and root development. — Ann. 


Agric. Coll Sweden 10: 209. 1942. 
— & Hansen, B. A. M.: Root growth effects of indan, indene, and thionaphthene deriva- 


tives. — Physiol. Plant. 9: 502. 1956. 
Cholodny, N.: Zur Physiologie des pflanzlichen Wuchshormons. — Planta 14: 207. 1931. 


Cormack, R. G. H.: The development of root hairs in angiosperms. — Bot. Rev. 15: 583. 
1949. 

— Action of pectic enzymes on surface cells of living Brassica roots. — Science 122: 
1019. 1955. 


Ekdahl, I.: The action of chlorate and some related substances upon roots and root hairs 
of young wheat plants. — Ann. Roy. Agric. Coll. Sweden 15: 113. 1948. 

— Studies on the growth and the osmotic conditions of root hairs. — Symbol. Botan. 
Upsalienses XI: 6. 83 pp. 1953. 

Hansen, B. A. M.: A physiological classification of ‘shoot auxins’ and ‘root auxins’. — 
Bot. Notiser (Lund) 107: 230. 1954. 

Kertesz, Z. I.: The Pectic Substances. — Interscience Publ., Inc. New York. XVI+628 pp. 


1951. 

Kopp, M.: Uber das Sauerstoffbediirfnis wachsender Pflanzenzellen. — Ber. schweiz. bot. 
Ges. 58: 283. 1948. 

Lane, R. H.: The inhibition of roots by growth hormone. — Amer. Jour. Bot. 23: 532. 
1936. 


Levan, A.: Cytological phenomena connected with the root swelling caused by growth 
substances. — Hereditas 25:87. 1939. 
Physiol. Plant., 10, 1957 


126 IVAR EKDAHL 


Lundegärdh, H.: The growth of roots as influenced by pH and salt content of the medium. 
A contribution to the theory of growth. — Ann. Agric. Coll. Sweden 10:31. 1942. 

— The growth of root hairs. — Arkiv för Botanik (Stockholm) 33 A:5. 19 pp. 1946. 

— The influence of auxin anions on the growth of wheat roots. — Arkiv för Botanik 
(Stockholm) 1:289. 1949. 

Meesters, A.: The influence of hetero-auxin on the growth of root hairs and roots of 
Agrostemma Githago L. — Kon. Akad. Wetensch. Amsterdam, Proc. Sci. 39: 91. 1936. 

Neely, W. B., Ball, C. D., Hamner, C. L. & Sell, H. M.: Effect of 2,4-dichlorophenoxy- 
acetic acid on the invertase, phosphorylase and pectin methoxylase activity in the 
stems and leaves of the red kidney bean plants. — Plant Physiol. 25:525. 1950. 


Skoog, F.: Chemical regulation of growth in plants. — In Dynamics of Growth Processes. 
E. J. Boell, ed. Princeton U. Press: 148. 1954 a. i 
— Substances involved in normal growth and differentiation of plants. — Brookhaven 


Symp. Biol. No. 6. Abnormal and Pathological Plant Growth: 1. 1954 b. 
Sweeney, B. M.: The effect of auxin on protoplasmic streaming in root hairs of Avena. 
— Amer. Jour. Bot. 31:78. 1944. 
Thimann, K. V.: Auxins and the growth of roots. — Amer. Jour. Bot. 23: 561. 1936. 
— On the nature of inhibitions caused by auxin. — Amer. Jour. Bot. 24: 407. 1937. 
Torrey, J. G.: Physiology of root elongation. — Ann. Rev. Plant Physiol. 7: 237. 1956. 
Wilson, C. M. & Skoog, F.: Indoleacetic acid induced changes in uronide fractions and 
growth of excised tobacco pith tissue. — Physiol. Plant. 7: 204. 1954. 


Physiol. Plant., 10, 1957 


PHYSIOLOGIA PLANTARUM, VOL. 10. 1957 


The Development of Geotropic and Spontaneous 
Curvatures in Roots 


By 
POUL LARSEN 


Botanical Laboratory, University of Bergen 
(Received November 10, 1956) 


Introduction 


It is a well-known fact that a geotropic response can be induced by a 
stimulation of much shorter duration than the time required for the response 
to become noticeable. Much thought and experimentation has been devoted 
to exploration of the processes going on in the plant in the period before the 
geotropic response can be observed. The present study constitutes an attempt 
to characterize the course of these early processes on the basis of a quan- 
titative analysis of the after-effects of stimulations of varying duration. 
Attention is called to the importance of selecting a kind of after-treatment 
which will allow the responses to develop freely. The influence of the velocity 
of klinostat rotation will be pointed out. — A preliminary report of the main 
results of the present investigation was given at the Symposium on Plant 
Growth Substances, Wye College, Kent, England, 1955 (Larsen 1956). 


In a previous publication (Larsen, 1953) the writer has briefly described the 
influence of klinostat rotation on the development of both spontaneous and geo- 
tropically induced curvatures in roots of Artemisia and Lepidium. When unstimu- 
lated seedlings were rotated parallel to the horizontal axis of the klinostat at a 
comparatively low velocity (1 revolution in 32 min.) their roots remained approxi- 
mately straight during at least 19 hours. If the rate of rotation was increased, the 
roots developed irregular (spontaneous) curvatures the amplitude of which was 
greater the higher the rate of rotation. If the seedlings were first exposed for a 
certain time (8—30 min.) in the horizontal position and then rotated, all roots 
performed geotropic curvatures, but roots of plants which were rotated at 1 revolu- 
tion per 32 min. straightened out again, whereas rotation at 1 revolution per 
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0.5 min. permitted the roots to maintain a certain degree of curvature or to continue 
curving for several hours. Further, the rate of elongation of the roots, at least during 
the first hour of rotation, showed a minimum at one revolution in 16 min. 

The fact that the extent of spontaneous curvatures, the development of induced 
curvatures, and the rate of elongation all show a pronounced dependence on the 
rate of rotation indicates that the behaviour of the roots does not depend on the 
physical sum of the geotropic stimuli created during the rotation. This sum is 
independent of the rate of rotation. The important factor is the magnitude of the 
individual stimuli acting on a given median section of the root during each half- 
revolution. Thus, by slow rotation all median sections of a root will be influenced 
by large geotropic stimuli, and the direction of growth of the root will be steered 
by gravity in a fashion comparable to that by which the hub of a wheel is held 
in position by the spokes. When rotation is faster, the magnitude of the individual 
stimuli is small, and small irregularities in growth will not be corrected. Conse- 
quently the root will perform irregular, spontaneous movements. If the root has 
been, pre-stimulated by horizontal exposure, the spontaneous movements will be 
superimposed on the originally induced geotropic curvature. 


Methods 


Cultivation. Seedlings of Artemisia absinthium were cultivated between agar slices 
in plant chambers assembled from glass slides and plastic covers as described 
previously (Larsen, 1953, 1956). The only modifications consisted in sterilizing the 
seeds with calcium hypochlorite (a ca. 3 per cent solution of bleaching powder), 
for 10 min., rinsing them with sterile water, and placing them, 12 in a row, directly 
on agar slices (20X25 mm., 1 mm. thick) rather than letting them germinate on 
filter paper (Figure 1). Since some seeds do not germinate, the chosen method 
yields fewer plants per slide, but the ones which develop show a more uniform 
reactivity than seedlings transferred from filter paper to agar. Plants were used 
for experiments when the roots of most of them were about 2.4 mm. long (actual 
range: 0.9 to 4.7 mm.). 


Figure 1. Plant chamber. Artemisia seedlings 
growing between two agar platelets on a glass 
slide and protected by a plastic cover. 
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Figure 2. Synchronous klinostat. Front view. 
On the revolving frame (black) the following 
parts are seen (from bottom): counterweight, 
lamp housing, holder for plant chamber (the 
slide of the latter facing the camera), “Robot” 
camera. 


Klinostat rotation. When necessary, the seedlings were rotated parallel to the 
horizontal axis of a synchronous klinostat (Larsen, 1953). In the present experi- 
ments the 2-watt motor of the klinostat used in earlier work was exchanged for 
an 18-watt motor. 

Only two rates of rotation were used: 1 revolution in 0.5 min. (R=0.5) and 
1 revolution in 32 min. (R=32). The seedlings were placed at a distance of 3 cm. 
from the axis of the klinostat. The centrifugal forces developed by rotation were 
1.3X1074 g and 3.2X 1078 g, respectively, ie. they are entirely negligible as com- 
pared with gravitation. 

Recording of the response was done on Micro-File panchromatic film by means 
of an automatic 24-mm. camera (“Robot Royal”, Berning und Co., Düsseldorf) which 
rotated together with the plants. The film plane was 20 cm. from the plants. Proper 
focussing was achieved by attaching a set of two accessory metal rings (6 plus 
9 mm.) to the objective (Xenon 1 : 1.9, 40 mm.). The camera was balanced by a 
counterweight (Figure 2). By means of micro-switches, the camera would make 
an exposure every 32 or every 64 minutes. The micro-switches were operated by 
wedges placed on a timing wheel fixed to the 32-min. axis on the back of the klino- 
stat (Figure 3). Each wedge was ground in such a fashion that it would press two 
micro-switches one after the other, the time interval being 9—12 seconds. Thereby 
the following series of operations is performed automatically. 

(a.) Start. A 9.5 volt current (transformed down from 220 volts) is turned on. 
The current starts heating a bimetal strip which will push the exposure button of 
the camera 17—18 seconds later. 

(b.) About 12 sec. after start. The light of a 15 watt (220 volts) incandescent 
bulb, placed behind the plant chamber, is turned on. 

(c.) At 17—18 sec. after start. The exposure is made by the bending bimetal strip. 

(d.) About 30 sec. after start. The current for the bimetal strip is turned off. 

(e.) About 39 sec. after start. The light is turned off. 
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Figure 3. Synchronous klinostat. Rear view. 
Motor (left) and timing wheel (right) mounted 
on the back of the gear box. On the rim of 
the timing wheel are seen two wedges for 
operation of the micro-switches placed im- 
mediately below the wheel. 


In addition, manual exposures could be made at any time during the rotation. 
Release of the camera by means of a heated bimetal strip was found to cause much 
less mechanical disturbance than the use of a magnet. 

The effect of white light, necessary for photographic recording, on the develop- 
ment of curvatures was not studied in detail. Before the experiments with automatic 
recording were started, however, several series of experiments were carried out 
in which the initial direction of the root tips was determined directly on living 
plants under weak, orange-red light (using filters from Schott and Gen., Jena, 
O.G. 2, or from Corning, Rochester, new serial No. 2424). In these experiments 
(reperted at the 8. Intern. Bot. Congress, Paris 1954), a set of plants had to be 
discarded once it had been removed from the klinostat and measured, but the 
curvatures recorded in this way agreed well with those obtained in the present 
study, in which each set of plants was photographed several consecutive times. 

Measurement of the response. One of the purposes of the present study was to 
determine the length of the so-called presentation time. For mass acceleration of a 
certain strength, for instance 1 g, the presentation time is generally defined as the 
time during which the root must be stimulated in order that a minimum response 
may sooner or later become manifest. A minimum response is often defined as the 
development of curvatures in 50 per cent of the stimulated roots. But this response 
is not a truly minimum one. It is a reaction of a certain magnitude; and as shown 
previously, the magnitude of the curvature is greatly influenced by the velocity 
of the subsequent rotation. The percentage of curving roots is a very crude measure 
of the magnitude of the reaction and rather inconvenient for statistical evaluation. 
Particularly if one is interested in the magnitude of the reaction under various 
conditions, it is necessary to determine the mean curvature itself, and not merely 
the percentage of reacting roots. 

In the present study the angles of curvature were measured on the photographic 
negatives. The film holder for a Leitz projector was clamped to a stand, and the 
film strip was placed in the holder for measurements. These were carried out at a 
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Figure 4. Horizontal microscope for measuring angles 
of curvature. Note pointer and scale of degrees. 


magnification of X35 by means of a horizontal microscope equipped with a cross- 
line ocular and a circular scale divided in degrees (Figure 4). The scale is fixed 
to the tube of the microscope. The ocular is equipped with a pointer and can be 
rotated either together with the tube or independently. In measuring, the pointer is 
first set at zero, and by rotating the tube (the pointer remaining at zero) the 
vertical arms of the cross are set parallel to a chosen “base line” on the film, 
generally a certain part of the image of one of the edges of the agar slices. All 
angles are expressed with reference to this base line, which can be recognized on 
all the successive negatives. Next, the deviation of the individual root tips from the 
direction of the base line is determined (Figure 5). This is done by adjusting the 
position of the microscope until the tip of the inverted image of the root is about 
80 u (measured on the living root) above the horizontal arms of the cross. Without 
touching the tube, the ocular is now rotated until the initially horizontal arms cut 
off a nearly symmetrical section of the root tip, and the other arms of the cross 
coincide with the median line of the tip portion of the root. The pointer. which 
moved with the cross, now indicates the angle between the base line and the median 
of the tip. This angle is measured to the nearest degree. The base line only serves 
as a basis of reference and need not be strictly parallel to the roots. The initial 
deviation of the root tips from the base line is subtracted from the deviations 
recorded on the successive negatives. For a given set of roots, the mean of the 
differences, computed to one decimal point, is taken as a measure of the curvature 
performed in the time interval. 

Since this technique permitted the detection of very small curvatures, few roots 
could be considered absolutely straight, even when kept in the vertical position. 
This is not surprising; roots are known to perform spontaneous movements. The 
curvatures present at the start rarely exceeded +5° (standard deviation 246°; 
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Figure 5. Measurement of angles of curvature. For details, see text. First the pointer (cf. 

Figure 4) is set at zero, and the vertical arms of the cross in the cross-line ocular are 

set parallel to the chosen base line on the film. Then the position of the microscope tube 

is adjusted, and the ocular with the pointer is rotated, until the initially horizontal arms 

of the cross cut off a nearly symmetrical section of the root tip, the length of the section 

corresponding to about 80 u on the living root. The pointer then indicates the angle, y, 
between the base line and the median of the tip. 


55 degrees of freedom). An initial deviation of as much at +8°, however, will have 
no measurable influence on the early response (measured as the change of curva- 
ture) when roots are placed in the horizontal position, since the sine of 82° is still 
0.99. On the other hand, roots deviating as little as 3° from the vertical line will 
be stimulated by 5 per cent of the force of gravity and thereby induced to straighten 
out (sin 3°=0.05). . 


Continuous Stimulation. Course of Reaction 


Figures 6 and 7 (crosses) show the development of curvatures in roots 
which are exposed continuously to unilateral geotropic stimulation in the 
horizontal position. For 70—100 min. they seem to curve at an approximately 
constant rate of about one-half of a degree per minute. As the angle of curva- 
ture increases, however, the intensity of the geotropic stimulation decreases 
with the sine of the angle which the root tip makes with the plumb line. 
If the position of the plant were constantly adjusted in such a manner as 
to maintain the root tip in the horizontal position, one might expect the 
bending to continue at the same constant rate for a considerable length of 
time. 

It is clear from Figure 7 (crosses) that the reaction time is surprisingly 
short, at the most about 7 minutes. Whether the curve should be extrapolated 
back as a straight line cutting the abscissa at about 7 min., or whether it 
should be extrapolated as a smooth curve approaching a point closer to the 
origin, cannot be decided on the basis of these experiments. However, the 
results of the rotation experiments to be reported in the following section 
indicate that the curvatures proceed at a constant rate from about 8 min. 
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Figure 6. Continuous, unilateral exposure to 
gravity. Plants not rotated. Photographed 
at (4) 192 minutes, and (B) 9.6 hours after 
the beginning of exposure. (X2.5.) B 


and up. No great error, therefore, is made by extrapolating the curve as a 
straight line back to about 7 min. 

The present data seem to indicate that geotropic stimulation induces a 
curvature which, after a certain time, is proceeding at a rate proportional 
to the intensity of the effective component of the mass acceleration employed. 
In the case of roots of Artemisia absinthium exposed to 1 g at 22° the rate 
of curvature is about 0.5 degrees per min. If one accepts the idea that the 
intensity of the geotropic stimulation determines the velocity of curvature, 
it is possible to correct the observations for the decrease in intensity which 
is caused by the steady decrease of the angle which the axis of the root tip 
makes with the direction of the force of gravity. 

In order to obtain a general formulation, we consider a case in which the 
angle of attack of gravity is 490°. Let a (Figure 8A) be the angle which 
the axis of the root makes with the plumb line at the start of the experiment. 


After a certain time a curvature y has developed (Figure 8 B), and the root 
tip makes the angle a—y with the plumb line. If y is the velocity of curva- 


ture, we have Vers 2 du k loan 
az ~ dE’ ° sin (a—y) 


kdE (1) 


in which E (exposure) is the time elapsed after the root was placed in posi- 
tion A. When y is small, y will be nearly equal to k sin a. 


Integration of (1) yields ia 


5 =kE+C (2) 


—log. tan 


If y is measured in degrees instead of radians, and if Briggian logarithms 


are applied, we have 


180 ae 
— 2.3026 -— logo tan I =kE+C 


or —132 log, , tan — kE+ C 


(3) 
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Figure 7. Continuous, unilateral exposure to gravity. Plants not rotated. — Abscissa: 
time E of exposure. — Crosses (Curve A): recorded curvatures (y); number of roots 
indicated. — Circles: curvatures (Y) corrected for diminishing angle of attack of gravity 
(cf. text). — Line B: regression line for Y-values up to E=196 min. (Y=0.502 E—2.68). 


— Curve C: curvatures expected if initial reactivity persisted. 


If the unstimulated root is placed in the horizontal position, a will be 90°, 
and (3) becomes 


— 132 log,, tan (45-3) =kE+C 
(4) 
or 132 log,, tan [15 +3) =kE+C 


Instead of the observed angle of curvature (y) we shall consider 132 log, 


N 
tan (45 + y] =Y as the response of the root to geotropic stimulation by 1 g. 


The data presented in Figure 7, Curve À, were recalculated in terms of Y 
and are plotted as circles in the figure. If the rate of curvature were propor- 
tional to the sine of the angle (a—y), the eircles should lie on a straight line. 
This seems actually to be the case up to E=164 or 196 min. For the period 
up to 196 min. the following regression line was computed, weighting the 
mean values according to the number of observations for each point 


Y=0.502 E—2.68 (5) 


€ in equation (4) is thus —2.68, and k equals 0.502. The corrected points 
(circles) are sufficiently close to the line (Figure 7, Curve 3) to permit the 
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Figure 8. — A: a, angle of at- 
tack of gravity. — B: y, angle 
of curvature, a—y, angle of 
aitack of gravity. 


conclusion that if the geotropic stimulus were constant=1 g, the root would 
curve at about 0.50 degrees per minute for 196 minutes. It is obvious, how- 
ever, that the curvature would not continue indefinitely at this rate. The 
decline in rate of curvature may be caused by a decrease in geosensitivity or 
reactivity, or it may be the result of an “antireaction” (cf. Lundegardh 
1918, p. 100; 1926, p. 158). By means of Equations (4) and (5) it is possible 
to compute the course which the geotropic bending would follow if no such 
retarding factor were operative. The theoretical y-values are represented by 
Curve C in Figure 7. According to these computations, 89 degrees of curva- 
ture should be reached in 9.1 hours (=547 min.), whereas the attainment 
of this curvature actually required 22—23 hours. 

_ The curve given by Equation (5) starts at 2.68° below zero. The part of 
the curve below zero may represent preparatory processes, leading to the 
actual reaction. It is not very likely that these processes start at a rate cor- 
responding to 0.50° per min. It seems natural to expect that the processes 
are accelerated although they reach a constant rate in 8—10 min. As a con- 
sequence, Equation (5) will be valid only for E-values from about 10 to 
about 190 min. 


Rotation at One Revolution per 0.5 Minutes 


Plant chambers (Figure 1) which were to be rotated were placed in such 
a position on the klinostat that the slides and agar slices were initially 
vertical, and the roots were parallel to the horizontal axis of the klinostat. 
Geotropic curvatures would thus develop in the plane between the agar slices. 
Rotation was begun after given periods of exposure (E) in the horizontal 
position (from 0 and up to 32 min.). Curvatures were recorded after rotation 
for various lengths of time (ft). 
Figures 9 A and B show that rotation at R=0.5 min. brings forth a con- 
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Figure 9. Rotation experiments. — 
A—D: one revolution per 0.5 min. 
c EL LC D (R=0.5). — A and B: horizontal 
exposure for 32 min. before rota- 
iion. Photographed at (A) 220 
min. and (B) 23.5 hrs. after be- 
ginning of exposure. — C and D: 
no horizontal exposure. Photo- 
graphed at (C) 224 min. and (D) 
20.4 hrs. — E—H: one revolution 
E R:32 E= 32 F in 32 min (R=32). -— E and F: 
horizontal exposure for 32 min. 
before rotation. Photographed at 
' (E) 225 min. and (F) 22.2 hrs. 
after beginning of exposure. — 
G and H: no horizontal exposure. 
Photographed at (G) 224 min. and 
G R=327 7 E= 0 | H (H) 22.1 hrs (X1.8.) 


tinuous enlargement of the curvature. [Rotation at R=32 min., on the other 
hand, seems to conserve the curvature at about the size which it had at the 
beginning of the rotation (Figures 9 E and F).] 

The results of rotation at 1 revolution in 0.5 min. are shown in Figure 10. 
The symbols represent recorded angles, whereas the curves represent curva- 
tures computed on the basis of considerations put forward below. If roots are 
first exposed for 32 min. in the horizontal position (E=32; triangles) they 
will have developed a curvature of about 12° at the end of the exposure. 
If they are then rotated at R=0.5 min., they gradually enlarge their curva- 
ture until they reach a maximum value of about 32° after 128 min. of rota- 
tion (E+t=160 min.). The course of the curvature after that time is rather 
uncertain because the variability increases as a linear function of time, a 
consequence of spontaneous movements (see later). After initial exposures of 
16 or 8 min., the curvatures follow similar but lower courses. If rotation 
is begun after 4 min. (or less) of exposure, no measurable curvature has 
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Figure 10. Rotation at R=0.5 min. after various periods (E) of exposure in the horizontal 

position. — Abscissa: sum of exposure (E) and time of rotation (t). — Ordinate: resulting 

curvature. — Symbols indicate recorded curvatures. The curves represent theoretical values 

computed from Equation (23) (see text). — Curve y: curvatures for t=0 (i.e. not rotated). 

— Curves z: curvatures developed during rotation. Number of roots used for each curve 
(from E=0 to E=32): 35—51, 43, 31, 31, 61, 57, 35, and 46. 


developed at the start of the rotation. Otherwise, the development of the 
response follows the same type of curve as in the case of longer exposures. 

An exposure for 0.5 min. yields positive mean values, whereas the curva- 
tures recorded during rotation without a preceding exposure (E=0) are, 
on average, practically zero. The difference between curvatures recorded 
after exposures E of 0.5 and 0 min. was statistically significant at about 
32 min. of rotation (t-test: t=2.99). After 64 min., however, the increase 
in variability caused the t-value to fall below 2. 

Curvatures of roots pre-stimulated for 8, 16, and 32 min. were found to 
follow practically identical courses during the rotation, aside from the fact 
that the curvature yz present at the start of the rotation is larger the longer 
the preceding stimulation has lasted. If this initial curvature is subtracted 
from the curvatures recorded during rotation, the similarity of the course 
of bending during the rotation itself becomes more evident. This is shown 
in Figure 11, in which a common curve has been drawn to fit the weighted 


means. 
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& nate: recorded curvature z minus curva- 
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The initial slope of this curve evidently indicates the velocity of geotropic 
curvature at the end of horizontal exposure for 8, 16, and 32 min. Roots 
exposed for 4 min. and less increase their curvature at a lower rate (Figure 
10). This is the reason for assuming an accelerated course of the early 
phase of processes leading to geotropic reaction. 


A tentative formulation of the course of the curvatures may be based on 
the following considerations and assumptions. 


During their horizontal exposure, the roots curve at a velocity which 
appears to become constant (about 0.5° per min.) after about 8 min. of 
exposure. When rotation is begun, the roots continue curving, but at a rate 
which gradually becomes slower and slower. 


During the horizontal exposure, a difference ug in the amount of auxin 
in the two halves of the root becomes established. If the quantities of auxin 
in the lower and the upper half of the horizontal root are called m, and m,, 
then uz=m;— m,. During rotation, this difference gradually disappears due 
to diffusion. In Avena coleoptiles rotating at R=6 min., equalization was 
reached in one hour or less (Dolk 1936). At the time t (after beginning of 
rotation) a certain amount .x of auxin has diffused from the lower to the 
upper half of the root, the difference now being 


u= (m, — x) — (m, +2) =up—2r (7) 


According to Fick’s law, the.rate X of diffusion is proportional to the con- 


centration gradient, which under the given conditions is presumably pro- 
portional to u. Thus, 
N (8) 


On the other hand, by differentiation of (7), we get an expression of the rate 
u of change in auxin distribution: 


u=—2% (9) 
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By inserting (8) in (9) we get 
u= —2ku (10) 


As pointed out previously (Larsen, 1956) there is reason to maintain the 
view that the normal auxin concentration in the root is supraoptimal for 
elongation. Several investigators have found that placing a root in the hori- 
zontal position for some time will alter the ratio of auxin concentration in 
the two halves from 50/50 to about 65/35, the lower half having the higher 
concentration. (In maize coleoptiles this distribution is reached within 15 
min. with only insignificant change during an additional half-hour s expo- 
sure in the horizontal position [Dolk, 1936]). We may assume that the rate 
of elongation of either half of the root is an approximately linear function 
of auxin concentration over the range of concentrations which can occur 
under natural conditions. The difference between the rates of elongation of 
the two halves will then be proportional to the difference between the 
respective auxin concentrations. Now the angle z of geotropic curvature is 
proportional to the difference between the lengths of the two halves of the 
root; and the rate z of bending is proportional to the difference between the 
respective velocities of elongation. This implies that 2 is proportional to the 
difference u between the quantities of auxin in the two halves, and further, 
that the acceleration z of the bending is proportional to u. By means of (10) 
we thus get 


= 
i ede 
Z=—az=—,, 


dt (LL) 
According to this equation the curvature during rotation has a negative 
acceleration the magnitude of which is proportional to the rate of curving. 

az is an expression of the “resistance” against the curvature. 
By integration of (11) we get an expression of the velocity z of curvature 
= Up tent (12) 


in which yz is the velocity at the start of rotation, and t the time after the 
beginning of rotation (the constant of integration was determined by putting 
Z=Yr at t=0) . 

By integration of (12), putting z=yz at t=0, we get 

z=2(1—e-“) +yr (13) 

in which z is the curvature present at time ¢, and yz is the curvature present 
at the start of rotation (after a preceding horizontal exposure for E minutes). 

Equation (13) is first applied to the results obtained at E=8, 16, and 32 
min. In these cases yg and series of values of z and t are known, and yz 
represents the maximum velocity (Ymax.) obtainable by stimulation by 1 g. 
If z, was recorded at t,, and z, at tf, we have 
| Zo Gea ae 8 


= SS (14 
1 Zy=yn ert 

This equation can be solved if t,=2t,, and we get: 
RLS RL PL, (15) 


ty 
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Table 1. Determinations of a and y,,, based on data from rotation experiments at 
R=0.5 min. after geotropic stimulation for 8, 16, and 32 min. (graphic interpolations; 


Figure 11). 
log, (ri aD ! 
"7 ty > Ymax.~ (2—r) (r—1)’ 
Prorat thal D=z2,—2,; to=2 ty. 
217745 
Br net RE Ein ne ee Ba Pe ee ee 
t, Zo— UE | 21 Ur D “ a Umax. | 
16 10.4 6.1 4.3 1.705 0.0219 0.453 
32 16.6 10.4 6.2 1.596 0.0162 0.417 
48 19.6 13.85 5.75 1.415 0.0183 0.433 
64 20.0 | 16.6 3.4 1.205 0.0248 0.517 
Mean 0.020 0.455 | 


Under the same conditions, Equation (13) also yields the following 
expression: 


D=2,—2,="@& (eratı —e=ate (16) 


In connection with (14), and again putting t, equal to 2t,, this equation 
yields: 
A hate re: 
TE ET (r—1)’ 


= 


ft (17) 


Values for a and Ymax., computed for f, —16, 32, 48, and 64 min. are given 
in Table 1. The mean value of Ymax. (0.46) agrees fairly well with the limiting 
rate of curvature determined previously [0.50 degrees per min.; Equation (5)]. 
The mean value of a is 0.020. 


The next problem is to compute Yz for the curves resulting from exposures 
of 4 min. and less. Since yg is unknown in these cases, we cannot compute ÿg 
for each value of z. Theoretically, however, yz and yg can be determined by 


means of (13) from the regression line of z against A (1—e-®). The latter 


magnitude is called U. When a=0.020, the maximum value of U is 50 (for 
t=co) 


In Figure 12 the angles z recorded in the various experimental series are 
plotted against U. The equations for the corresponding regression lines 
were computed on the basis of observations during the first 64 min. of rota- 
tion. The equations are given in Table 2. The lines drawn in Figure 12, 
however, are not based on the values of yg and ÿg obtained from the regres- 
sion lines, but on the corresponding values derived from Equations (19) 
and (20) (see later). These “corrected” values of yg and Ye are also given 
in Table 2. yz was expected to approach a definite minimum value as E 
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Figure 12. Rotation at R=0.5 min. Ob- 
served curvatures z plotted against U 
[=1/a (1—e-at); see text and Table 2]. 
Time ¢ of rotation indicated at the top. 
Duration E of preceding stimulation (0.5 
to 32 min.) indicated above each line. The 
lines drawn are based on values derived 
from Equations (19) and (20), and are not 
the regression lines. The values of z for 
t=U=0 are identical with the curvatures 
y, present at the end of the respective 
exposures. 
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Table 2. Data for curves in Figures 10 and 12. See also Figure 17, curve A. 


Regression lines Computation of y,, Q, and y, from Equa- 
for observed data. tions (19) and (20). b=0.457, c=0.210, 
Equation (13) c/b (=Y ax.) =0-46 
z=YpÜ+Yz k | Q=y, from | 
EU St/a(i—e-at Yn—Q Je 
=ta_ (1—e-at) Y, from = regression Y, from 
a=0.020 Eqn DER lines minus Eqn 
Yg=2 (19) ar (Yp—@) from | (20) 
ip Ue ( Eqn (20) 
0.5 0.067 + 0.54 0.107 0.03 — — 1.90 
1 0.180 — 1.43 0.179 0.11 — 1.54 — 1.82 
2 0.278 — 0.58 0.282 0.34 — 0.92 — 1.59 
4 0.391 — 1.90 0.389 1.03 — 2,93 — 0.90 
8 0.457 + 0.55 0.449 2.74 — 2.19 0.81 
16 0.472 + 4.29 0.460 6.39 — 2.10 4.46 
32 0.449 + 11.84 0.460 13.75 — 1.91 11.82 
Mean 1500 


Zn from 


Equation (13), 
using values 
for y} and yp 
from Eqns 
(19) and (20) 


3.43 

7.14 
12.52 
18.54 | 
23.24 
27.46 
34.82 
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approached zero. The fact that this was not borne out by the computations 
can probably be ascribed to experimental errors. yz, on the other hand, 
definitely approaches zero‘ with decreasing values of E. In spite of the lack 
of a clear relationship between yz and low values of E, it seems obvious 
that yz is negative for values of E lower than 4, thus indicating the existence 
of a certain reaction time. The regression line for E=0.5 was not considered 
in further calculations. 


Continuous Stimulation. Early Course of Induced Processes 


On the basis of the results presented in the preceding section it should be 
possible to characterize the early course of processes induced by continuous, 
unilateral geotropic stimulation by 1 g. 

a) Extrapolation of the observations for E=4, 2, and 1 min. indicate the 
presence of a negative angle at the beginning of the exposure. Although 
both the angle and the velocity of its development before the expiration of 
the reaction time are fictitious, these quantities will be dealt with as curva- 
tures and velocities and expressed as degrees or degrees per min. These 
“velocities” and “curvatures” may be conceived as auxin distributions and 
mechanical resistances, respectively. 

b) The values of y, which indicate the velocities of curvature at the be- 
ginning of rotation, are also the velocities of curvature of the horizontal 
roots at the end of the corresponding times of exposure E. Since y increases 
with E, the curvatures as a function of E must be represented by a curve 
with positive acceleration. 

c) Since the y-values for E=8, 16, and 32 min. are practically identical, 
the velocity of curvature must have reached its upper (limiting) value after 
about 8 min. We must, therefore, assume the existence of a resistance against 
unlimited increase of velocity. 

The velocity of curvature during continuous, unilateral exposure was 
assumed to be proportional to the difference in auxin concentration which 
has become established at any given moment as a result of the horizontal 
exposure. We do not know for certain how this concentration difference is 
created. Gravity probably brings forth a transversal transport of auxin, but 
the possibility of a neoformation of auxin, perhaps unequal in the two halves 
of the root, cannot be entirely excluded (Biinning, 1948 p. 418). Bunning 
et al. (1956), on the basis of tracer experiments, express their scepticism as 
to the occurrence of a transversal transport of auxin following geotropic 
stimulation. They would rather base an explanation of both phototropic and 
geotropic reactions on a unilateral activation or inactivation of auxin. There 
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must be a certain resistance against any of such processes, and in addition 
we have the general tendency for elimination of the concentration difference 
by diffusion. If, as in (11), the total resistance is assumed to be directly pro- 
portional to the velocity, we get 
ÿ=c—by= 7 (18) 
Here ÿ is the acceleration of the rate ÿ of curvature during continuous 
exposure. c is the initial acceleration when y=0. by is an expression of the 
resistance. The data to be presented below indicate that if formulas (11) 
and (18) and the underlying assumptions are correct, b must be more than 
twenty times as great as a, i.e. the development of a transversal polarization 
under the influence of gravity is counteracted not only by ordinary diffusion, 
but also by some other kind of “resistance”. 


By integration of (18) we get 


j=; (1—e-*) (19) 


For determination of the constant of integration it was assumed that 
some activity starts immediately upon placing the roots in the horizontal 
position, i.e. y=0 for E=0. 

By integration of (19) we get 


G 1 
Ue ei) 20 (20) 


in which Q is the curvature present at the start of the exposure (at E=0). 
Q is assumed to represent a fictitious negative angle. 
The value of b can be determined by means of Equation (19). When E 


% ; : 
is large (i.e. greater than 16 min.), y= D From the rotation experiments we 


Cc. 
know that this limiting velocity is 0.46 degrees per min. Thus » is known 


(=0.46). Further, we know y for E=1, 2, and 4, viz. y,=0.180, y2=0.278, 
and ÿ4=0.391 (regression lines, Table 2). (Yo. and yg to Ys are inapplicable, 
because ÿo5 is too uncertain, and the others are too close to the limiting 
velocity). 

Equation (19) can be transformed into 


I oe 9 
b=— 7, loge (1-1: b/c) (21) 


When dealing with low values of E, the slight increase in stimulation 
received by the root during the first 1/4 revolution on the klinostat has to be 
taken into account. As described above, the plant chambers were placed 
on the klinostat in such a position that geotropic curvatures would develop 
in the plane between the agar platelets. When rotation is begun, a certain 
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fraction of gravity will still induce stimulation in the same direction until 
the plants reach a position exactly above (or below) the axis of the klinostat, 
ie. at 1/4 revolution (=0.125 min.). From then, each of the opposing, suc- 
cessive stimulations is presumably of too short duration to have any measur- 
able effect. The intensity of the stimulation is decreasing during the first 
0.125 min. When the time for 1 revolution is R, the sum of the decreasing 
stimuli is one-half of R/n 9X min. in this period (Larsen 1953). If the “quan- 
tity of stimulus” principle were applicable, the effect of the first 1/4 revolu- 
tion should thus correspond to prolonging the exposure E by 0.08 min. 
(—0.5/2x min.). Although this simple summation does not lead to an entirely 
correct result, the addition of 0.08 min. was considered a reasonable cor- 
rection of the individual E-values for the purpose of determining the para- 
meter b. 

Inserting E=1.08, 2.08, and 4.08, and the corresponding values of ÿ in 
Equation (21) yields b=0.460, 0.446, and 0.465, respectively, with a mean 
value of b=0.457. When c/b=0.46, c thus equals 0.210. Using these con- 
stants we can compute ÿ from (19) and (y—Q) from (20). By putting U=0 
in the regression lines in Table 2 we get the respective values of z, each 
identical with the corresponding value of yg. From each of these and the 
corresponding value of (y—Q), Q can be computed. The computed values 
for y, (y—Q), and Q are listed in Table 2. The mean value of Q (= —1.93) 
is used for computing the various values of yz, which together with the 
y-values are used for correcting the regression lines in Table 2. 

When E is large (> 16 min.), Equation (20) can be simplified to 

c c 
y=,E-mr0 
or (22) 
y=0.46 E—2.94 


in fairly good agreement with Equation (5). 

We are now in possession of a complete set of equations and parameters, 
sufficient for constructing the curves relating curvature to geotropic stimula- 
tion (E) and time of rotation (t). 


By combining Equations (13), (19), and (20) we get 


Cc 


=, ee «ae -,]|+z]+0 (23) 


in which a=0.020, b=0.457, c=0.210, „=0.46, and Q——1.93. When t=0, 


z equals y in (20). The various theoretical curves computed from (23) are 
shown in Figure 10 for comparison with the actual observations. In most 
cases the agreement is fairly close for rotation times up to about 100 min. 
Above that time some of the observations fall considerably below the theo- 


retical values, particularly for E=2 and E=8. Whether this is a general 
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tendency or not must be left unsettled. On rotation for several hours some 
curves drop somewhat to a lower but almost constant value, others approach 
zero, and still others continue rising (cf. Figure 9A, B). The variability 
increases continuously (see later), which makes it very difficult to determine 
the course of the curves after more than 2 hours of rotation. If there should 
be a general tendency for the curves to drop, this might be explained as 
suggested by Went and Thiman (1937 p. 86) by a temporary, unilateral lack 
of a “food factor”. The decrease might also be caused by an “antireaction” 
(Lundegärdh). Even in such cases, however, the early course of the curva- 
tures may be explained on the basis of auxin distribution, and expressed 
by Equation (23). The early observations for E=0.5 are relatively much 
higher than the theoretical curve, although the absolute differences are only 
about 2 degrees. The discrepancy may be entirely due to experimental errors. 
It is also possible, however, that Equation (23) needs modification in order 
to describe correctly the course of responses to very brief, unilateral stimu- 
lations. 

During continuous stimulation, the reaction reaches its limiting velocity 
(0.46 degrees per min.) very fast. Already at 4 min., the (fictitious) rate of 
bending is 85 per cent of ihe maximum value, and at 8 min. the rate is 97.5 
per cent. The curve starts at —1.93°. This implies that the processes leading 
to curvature start immediately upon placing the root in the horizontal posi- 
tion, but it takes some time, namely 6.25 min., before any curvature begins 
to develop. This is the reaction time for continuous exposure. When rotation 
is begun before this time, the reaction time should be prolonged (Figure 13). 
It was, however, impossible to prove this by experiment, on account of the 
small size of the expected curvature. 

The presentation time E, can be defined as the shortest exposure which 
will eventually lead to a just barely positive curvature when the roots are 
subsequently rotated at R=0.5. The problem is thereby reduced to finding 
the exposure which will produce a y-value, ÿ,, permitting the development 
of a maximum curvature, Zmax. Which is zero. This means that the rotation 
curve starts near Q and just barely reaches the abscissa at f=oc. From 
Equations (13) and (19) we get 

c 


el (24) 


Obviously, E, must be shorter than 0.5 min. This means that y, is practically 
equal to Q. The following equation, therefore, should give a value closely 


approaching E,: 


1 ab an 
E,=— b log. Ê 2 ee 0) (25) 
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Figure 13. Rotation at R=0.5 min. Early phases of the development of curvatures after 
stimulation for various periods of time. Computed from Equation (23). Note the acce- 
lerated course of the curve for continuous stimulation and the prolongation of the reaction 
time by decreasing duration of stimulation. For the (theoretical) presentation time (0.192 
min.) the reaction time is infinite. Abscissa: sum of E (exposure) and t (time of rotation). 


By using the values of a, b, c, and Q determined previously, E, turns out 
to be 0.192 min. or 11.5 sec. The fictitious curvature at this exposure is 
—1.926° and the corresponding velocity y, is 0.0386 degrees per min. The 
beginning of the rotation curve for E,—0.192 is shown in Figure 13. 


Rotation at One Revolution per 32 Minutes 


For rotation experiments at R=32 min., the seedlings were placed initially 
in the same position as for rotation at R=0.5 min. 

Rotation at R=32 min. is so slow that one would expect the roots to per- 
form curvatures alternatingly in opposite directions. If we consider a system 
of parallel, vertical, longitudinal sections of a horizontal root, the intensity 
of the geotropic stimulation of the system (i.e. the root) will be 1 g. If the 
root is rotated about its axis through an angle a, the intensity of the stimula- 
tion for bending in the same direction with reference to the plane of. the 
chosen system will now be g cos a. When one revolution (2x) is conipleted 


in R min., we can express à by R and the time ¢ after beginning of rotation: 
2rt , ! sit à 
un. The intensity G of geotropic stimulation (with reference to the chosen 


plane inside the root) will thus fluctuate according to the following equation. 


2rt fs 
G=g cos R= cos (11.25° - t) (26) 
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Figure 14. Rotation at R=32 min. — Abscissa: time t after beginning of rotation. — 
Curve A (ordinate to the right): fluctuations in the intensity G of gectropic stimulation 
of a given median section of a rotating root. — Curves B, C, D, and E (ordinate to the 


left): theoretical course of the development of curvatures after preceding geotropic stimu- 
lation for 0, 4, 16, and 32 min., respectively (cf. text). Circles, squares, plusses, and 
triangles indicate observed angles. 


For i=0, 8, 16, 24, and 32 min. G will be +1g, 0, —1g, 0, and +19, 
respectively (Figure 14, Curve A). The factor c in Equation (18) is presumably 
proportional to G, at least within a certain range. For G=1 g, c has the value 
0.210. The acceleration of curvature during rotation at R=32 min. would 
thus be: 
2 27 
y=c COS 35 f— by 
it (27) 


AT 5 
ij =0.2 =~ t—0.457 
y=0.210 COS 35 y 


at 
This equation, on integration, yields the following two expressions hee 


is called p) ; 


ae -b [cos pt+ sin pie] Fyse Pi (28) 
l , 
LS pine | cos pits sin tet) +5; (l-e?) +yr (29) 


In (28) the constant of integration was determined by putting y=ye at 


t=0, and in (29) by putting y=yz at t=0. 
For roots not stimulated before the rotation (E=0), y assumes the value 
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of 0.330 at t=4.0. The corresponding value of y is —1.00. For t=5, Equa- 
tion (28) yields y=0.314, and the value of ÿ drops off still more if the com- 
putations are carried further. From t=4 to t=8, the stimulation is continued, 
although with decreasing intensity. There is reason to believe, therefore, 
that the rate of curvature should be reduced no more during rotation at 
R=32 in this period than it would have been during rotation at R=0.5. 
Using Equation (12) for the interval from t=4 to t=5 yields y=0.323 at 
t=5. From t=4, therefore, the curvature was assumed to follow Equation 
(13). At t=8, the sign of the stimulation is inverted. y for the ensuing curva- 
ture (which will be called negative), can be found by means of Equation (28) 
after the constant of integration has been changed to fit y=0 at t=8. At 
t=17, —y=reaches a maximum of 0.432. From there on, Equation (13) is 
used. The reaction time for the negative curvature is 9 min., i.e. 17 min. 
after the beginning of rotation. Actual measurements indicate that the initial 
(positive) curvature continues until the reaction time for the first negative 
curvature has expired. This brings the first positive curvature up to 218 
at t=17. From there on, the numerical values of the increasing negative 
curvatures are subtracted from 2.78° until the reaction time of the second 
positive curvature has expired at {—33 min. and the curvature is —3.09°. 
We can thus construct a theoretical curve (B in Figure 14) representing the 
curvatures to be expected during rotation at R=32, when E=0. 


In similar fashion the theoretical curves for E=4, 16, and 32 (C, D, and 
E in Figure 14) were computed, the value of y and y at the beginning of the 
rotation being taken into consideration. In each case Equation (29) was used 
until Equation (12) yielded a higher value of y than (28) for the next fol- 
lowing minute. Thereafter Equation (13) was applied. 

Curvatures were measured at intervals of 16 min. The observed points are 
entered in Figure 14. Although the number of plants per point was only 
9 to 18, the results indicate clearly that the maxima and minima of curva- 
ture are out of phase with those of the intensity of stimulation and retarded 
by about 16 min. At E=16 and 32, the expected amplitude (+2.5°) for the 
chosen times of observation is verified quite well, but the absolute values are 
generally 2—3° too high. The roots used in these experiments actually curved 
at a higher rate than the average value (0.46° per min.) which was used in 
the computations. At E=0 and E=4, the observed amplitude is somewhat 
smaller than expected. 

It was mentioned in a previous publication (Larsen, 1953) that pre-stimu- 
lated roots tend to straighten out again if they are rotated slowly (whereas 
their curvature will increase if the plants are rotated at a higher velocity). 
This was confirmed in the present series of experiments. Possible causes of the 
straightening were discussed in the paper cited. Figure 15 shows the course 
of the curvatures during prolonged rotation at R=32. The prestimulated 
roots do not straighten out simply by curving back. They follow the motion 
of the klinostat just as unstimulated roots do. The amplitude is approximately 
Physiol. Plant., 10, 1957 


DEVELOPMENT OF CURVATURES IN ROOTS 149 


aE :32 MIN. 
+E =16 MIN. 
0E =: 4MIN. 
oE =: OMN. 


DD 


Figure 15. Rotation at R= 
32 min. — Abscissa: time t 
after beginning of rotation. 
— Course of development 
of curvatures after preced- 
ing geotropic stimulation 
for 0, 4, 16, and 32 min, 
respectively, as indicated. 
Circles, squares, plusses, 
and triangles indicate ob- 
served angles. Other maxi- 
ma and minima were in- 
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constant, but both the mexima and the minima become lower and lower. 
Roots stimulated at E=32 min. and rotated at R=32, reach a curvature of 
about 21° in 16 min. After 10 hours, their tips are pendling between 3° and 
8°, and this pendling was found to continue for at least 12 more hours. 
Whether the movements of the root tip take place only in the plane between 
the agar platelets or follow a spiral course could not be ascertained. 


Spontaneous Curvatures. Variability 


As mentioned previously, roots rotated at R=0.5 min. performed pro- 
nounced spontaneous movements resulting in large, irregular curvatures in 
the course of several hours. The spontaneous movements were much smaller 
at R=32 min. The standard deviation s of the changes in curvature taking 
place after the initial measurement may be taken as a quantitative measure 
of the spontaneous movements. 

Figure 16 shows the magnitude of the standard deviation of the curva- 
tures under various conditions. The number of degrees of freedom for each 
point can be found in Table 3. Curve A represents roots kept in the normal, 
vertical position. Their spontaneous movements are small, since deviations 
from the vertical are constantly being corrected by gravitational stimulation. 

If roots are placed in the horizontal position, they start carrying out geo- 
tropic movements, and this is attended by a sudden increase in the variability 
of the curvatures (Curve B). Most of the increase is probably due to dif- 
ferences in the geotropic sensitivity and reactivity of the roots. After about 
2 hrs, when the roots have reached an average curvature of about 60°, the 
variability starts decreasing again. From 5 hrs, and on, the standard devia- 


. . le) 
tion remains at about 6. 
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Figure 16. Changes in standard deviation s, an expression of spontaneous movements. For 
numbers of degrees of freedom. consult Table 3. 


Curve A (squares): roots kept in the vertical position. — Abscissa: time from start of 
recording. — Ordinate: s as determined directly. 

Curve B (filled-in circles): roots exposed unilaterally and continuously to gravity (not 
rotated), — Abscissa: E, duration of exposure. — Ordinate: s, as determined directly. 


Curve C (plusses): no geotropic stimulation prior to rotation. Rotated at R=0.5 min. — 
Abscissa: t, time of rotation. — Ordinate: s as determined directly. 


Curves D and E (crosses and open circles): plants rotated at R=0.5 min. after horizontal 
exposure E as indicated. — Abscissa: t, time of rotation. — Ordinate: Spas SE" 
Curve D: mean values for E=0.5, 4, 8, 16, and 32 min. — Curve E: data for E=0.5 min. 
plotted separately. 


Curve F (triangles): as Curve C, except that R=32 min. 


Curve G (diamonds): as Curve D, except that R=32 min. Mean values for E=4, 16, 
and 32 min. 


In D, E, and G, Sp, Was found at time E+t. From this value was subtracted the 
standard deviation s, found at the end of exposure (=beginning of rotation). Up to 
E=32 min., Sp —0.120 Ei. 
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Table 3. Variability. Number of degrees of freedom (f) for points on the curves 
in Figure 16. 


TE emer ee 
| | 


| Curve | Time f, min. f Curve Time ¢, min. | f | 
| | | 

| 0 to 448 9 E oa We 

1200 55 257 to 385 17 | 

RPM 0 to 63) and 133%:| "34-96 | 449 to 577 sr 

| 99 and 196 25 F 0 to 400 13 | 

| 164 mew 544 to 1200 GT 

320 to 576 | 8 G 0 to 161 32 —40 

| 1200 27 192 to 225 24 | 

C 0 to 682 29— 45 305 16 | 

| 746 to 874 20 | 353 8 | 

| 945 to 1138 11 1200 6 | 

| i Oto 599  32—128 | | 


The best picture of the influence. of the rate of rotation on the extent of 
the spontaneous movements is obtained by a comparison between Curves C 
and F in Figure 16, showing the standard deviations of curvatures of roots 
rotated at R=0.5 and R=32 min. respectively, without any geotropic 
stimulation prior to rotation. At R=0.5, the variability increases as an almost 
straight line for about 200 min. Thereafter the increase continues more 
slowly, s reaching a value of 20° in 10 hrs, and 26—28° in 20 hrs. At R=32, 
on the other hand, the initial slope is much less; and after about 200 min., 
the standard deviation remains at values around 6° for the next 5 hrs. At 
20 hrs, s equals 10°. Both at R=0.5 and at R=32, the mean curvature is 
very close to zero throughout the experiment. At R=32, however, the roots 
are continuously responding to gravitational stimulation, whereas at R=0.5, 
they receive only small and insignificant geotropic stimuli on the klinostat, 
and are free to perform spontaneous movements which are only slightly, 
if at all, modified by gravitational influences. 

In order to simplify the graphic representation of the data obtained with 
roots rotated after a preceding geotropic stimulation, the results were plotted 
against t rather than against E+t. Further, the variability sg, present at the 
end of the horizontal exposure, was subtracted from the actual s-values 
(sg.z). Within the range of E-values concerned, sz equals 0.120 E (lower 
part of Curve B). By this procedure the results obtained in the various 
experimental series become so much alike that an average of the reduced 
standard deviations can be taken. The points in Curves D), E, and G (Figure 
16) thus indicate the increase in s after the beginning of rotation. Curve G 
represents mean values after stimulation for 4, 16, and 32 min. In Curve D, 
also data for E=0.5 and E=8 were included. 

A comparison of Curves D and G reveals a similar difference in the effect 
of rotation at the two velocities as in the case of Curves C and F. By rotation 
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at R=0.5, the variability is much higher than at R=32. There is a surprising 
difference between Curves C and D. It seems strange that a geotropic stimula- 
tion should make itself felt as increasing variability even after 10 hrs. of 
rotation. Data for E=0.5 were plotted separately (Curve E) in order to 
show that even as short a stimulation as 0.5 min. results in a pronounced 
enlargement of the variability as compared with unstimulated roots (Curve C). 
The maximum mean curvature developed after horizontal stimulation for 
0.5 min. was less than 4°, whereas the standard deviation after 577 min. of 
rotation was 46° and still seemed to be increasing. . 


Discussion 


The Klinostat as a Tool in Geotropic Investigations 


The determination of minimum responses (threshold responses) has 
played an important role in the study of tropisms. These responses, as well 
as larger ones, were determined in a variety of ways and after a variety of 
post-treatments. Just visible curvatures have been detected either with the 
naked eye or with the aid of the microscope. In the former case the “mini- 
mum” curvatures represent a much larger response than in the latter. For 
determination of the presentation time, plants were sometimes placed in the 
normal position after the unilateral exposure to light or gravity, sometimes 
rotated on the klinostat. The choice of post-treatment may greatly influence 
the size of the resulting curvatures; and if a klinostat is used, the effect will 
also depend on the rate of rotation employed. The time of observation has 
varied greatly; and it seems impossible a priori to fix any particular time 
at which the observed curvatures may be regarded as an adequate measure 
of the response to the stimulus applied. If one wants to fix a definite time 
at which to record the curvature, should the starting point be the beginning, 
the middle, or the end of the exposure? Or should the maximum curvatures, 
regardless of the time at which they occur, be taken as a measure of the 
response? Various workers on geotropism have, of course, considered such 
questions, but no generally accepted practice has been established. The in- 
fluence of the rate of klinostat rotation has been neglected, in several cases 
to the extent that authors not even furnish the physical data on this point. 
It is clear, that “minimum responses” can mean responses of greatly varying 
magnitudes, depending on the technique by which they were recorded. A 
glance at Figure 15 will show that klinostat rotation at insufficient velocity 
will tend to further complicate matters. 

The studies by Talts (1932 a, b; 1935) and Reiss (1934) should have 
aroused suspicion as to the uncritical use of the klinostat. The basic problems 
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of the techniques used in the study of geotropism, however, seem to have 
been neglected after the main interest of workers on plant movements 
became attracted by the auxin theory in the early 1930’s. 

Some kind of after-treatment is indispensable when one wants to study 
the effect of geotropic stimulations shorter than the reaction time. The ideal 
procedure would be to place the stimulated plants under such conditions 
that the effect of gravity would be eliminated, just as phototropically stimu- 
lated plants are placed in darkness after the exposure to unilateral illumina- 
tion. Since gravity as such cannot be excluded on the surface of our planet, 
we may only hope to be able to eliminate its physiological effects. This is 
the purpose of the use of the klinostat. It is clear from the results of previous 
work (Larsen 1953) and the present investigation that rotation parallel to 
the horizontal axis of the klinostat at insufficient velocity by no means 
eliminates the physiological influence of gravity on the plant. In the case 
of Artemisia roots, the growth rate has a minimum value at a certain rate 
of rotation (about R=16 min.), and both induced and spontaneous move- 
ments are suppressed by slow rotation. The small responses to small stimuli 
(e.g. 1 g in 0.5 min.) will be completely obscured by the continuous responses 
to stimuli created during subsequent rotation at R=32. Replacing the plant 
in its normal position will probably give a more clear-cut response to stimu- 
lation than rotating it on the klinostat at insufficient velocity. (The secondary 
stimulation of the curved part of a main root or shoot replaced in the normal 
position after stimulation might be practically eliminated by keeping the tip 
of the organ in a nearly vertical position during the development of the 
curvature. This might be achieved for instance by manual adjustment of 
the plant chamber from time to time.) 

As the rate of rotation is increased, on the other hand, both the spon- 
taneous movements and the responses to applied geotropic stimuli become 
larger, whereas the responses to stimuli created during the rotation become 
smaller or negligible. All this supports the view that by increasing the rate of 
rotation we are approaching conditions under which the growth-directing 
influence of gravity is eliminated. 


Activity Curve 


The monograph by Rawitscher (1932) contains a thorough discussion of 
the shape of the activity curve (Wirkungskurve) of geotropic stimulation. 
By activity curve is meant a curve showing the relationship between geo- 
tropic stimulation (abscissa) and effect (ordinate). Stimulation is expressed 
as quantity of stimulus (the product of time and mass acceleration, con- 
sidering the angle of attack if differing from 90°). The effect may either 
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be the end reaction (curvature) or a hypothetical state of excitation (Er- 
regung). As pointed out, specifically, by Rawitscher (1932, e.g. pp. 20.0221; 
the quantity of stimulus principle does not imply proportionality between 
quantity of stimulus and effect; so the shape of the activity curve must be 
investigated separately. The difficulties in finding a suitable expression of 
the effect were pointed out in the preceding section. Lundegardh (1918, 
1926) who made a thorough investigation of the relationship between stimu- 
lation and geotropic response, has fully realized these difficulties. In order 
to overcome them, he chose what he termed the reaction optimum (Reak- 
tionsoptimum) as an expression of the response to a given quantity of 
stimulus. In order to explain the meaning of this term, it is necessary to 
describe the main features of Lundegardh’s technique. After the geotropic 
stimulation, plants (Pisum) were rotated on an intermittent klinostat making 
1 revolution per 12 min. with brief stops about every 2 min. The main roots 
were parallel to the horizontal axis of the klinostat. Curvatures were recorded 
photographically every 12 min. When the curvatures are plotted against 
the time after the end of the stimulation, curves are obtained in which 
according to Lundegardh three phases can be distinguished, the start phase, 
the so-called eumotorial phase, and the end phase. The eumotorial phase is 
characterized by a nearly constant velocity of curvature. The above-men- 
tioned reaction optimum is the curvature present at the end of the eumotorial 
phase i.e. at the time when the velocity of curvature begins to decrease. 
In several cases, this point can be distinguished quite well. Lundegardh 
(1918 p. 78) does, however, admit that the determination of the reaction 
optimum is often difficult and uncertain. 

The observations of the writer gave no evidence for the existence of a 
period of constant velocity of curvature during the klinostat rotation. A reac- 
tion optimum, therefore, could not be distinguished. Since the effect of stimuli 
of shorter duration than the reaction time do not become manifest until 
some time has elapsed, one is forced to express the response on the basis 
of a reaction recorded after some time of klinostat rotation or other after- 
treatment. If a certain time of recording has been fixed, that time should 
be used also in the case of stimulations lasting longer than the reaction time. 
In such cases, however, curvatures are present already at the beginning of 
the after-treatment. Since the reaction to continuous stimulation follows a 
course different from that of the development of curvatures during the after- 
treatment, no simple relationship can be expected by plotting the total curva- 
ture against duration of stimulation. Such a plot would yield a discontinuous 
curve. 

The curvature developed during a fixed period of klinostat rotation at 
sufficient velocity, however, should form a continuous curve when plotted 
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Figure 17. Activity curves. Geotropic response plotted against duration E of horizontal 
exposure. — À (ordinate to the left): response expressed as y, velocity of curvature at 
the end of exposure. y is fictitious before the expiration of the reaction time, but can be 
computed from later observations. Circles: data from regression lines (Table 2). Curve A 
was drawn on the basis of values obtained from Equation (19) — B (ordinate to the 
right): Response expressed’ as —log, (1—y/0.46), cf. Equation (21). Crosses based on 
same y-values as in A. The curve is a straight line through the origin and with the slope b. 
— C (ordinate to be right; degrees): response expressed as Z¢4—Yecrec,)» the increase in 
curvature during 64 minutes of rotation (subsequent to exposure). Triangles based on 

observations. Curve drawn to fit the points. 


against duration of stimulation. In the case of exposures longer than the 
reaction time, the total curvature minus the curvature at the end of the 
stimulation should be a correct expression of the response. In order to get 
a corresponding expression of the response to stimulations shorter than the 
reaction time, a certain, but à priori unknown, quantity should be added 
to the recorded curvature. This procedure requires rather extensive compu- 
tations in determining the parameters in Equation (23). By this means, 
however, the velocity (y) of curvature produced by a given stimulus can be 
computed; and this magnitude is presumably the most adequate expression 
of the response. Since, however, the quantity to be added to the recorded 
curvatures in the last-mentioned case is generally rather small (of the order 
of 2 degrees in the case of Artemisia roots), the fictitious, negative curvature 
may be neglected; and the curvature recorded at a given time after the end 
of the stimulation period may be considered a satisfactory expression of 

the response. 
In Figure 17 various expressions of the response recorded during rotation 
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Figure 18. Estimation of the presentation 
time Est by extrapolation of regres- 
sion lines for 2, —Yg(rec.) plotted against 
log,, E (up to E=8). 24—Yecrec.) is the in- 
crease in curvature during the time ¢ of 
rotation. The regression lines (Table 4) 
cut the abscissa at about minus 0.45, equi- 


valent to 0.35 min. 


CURVATURE, DEGREES 


at R=0.5 min. are plotted against the duration E of the exposure; and 
any of these curves may be regarded as an activity curve. The expression 
— log, (1—ÿ/0.46) is directly proportional to E [Equation (21)] whereas the 
velocity y itself increases more and more slowly. In the computation of these 
curves, y was assumed to be zero at E=0, and to attain a positive, although 
fictitious, value immediately after the beginning of stimulation. Also Lunde- 
gardh (1918 p. 116) is of opinion that some excitation is created immediately 
or within a very short time after the beginning of stimulation. The third 
curve (C) represents the curvature developed during 64 min. of klinostat 
rotation at R=0.5 min. The designation z64—Ygtree) indicates that the curva- 
ture Yrirec.) (recorded.at the end of the exposure E) was subtracted from the 
total curvature zg, (recorded after 64 min. of rotation). Yg(ree.) is zero for 
exposures shorter than 6.25 min. (reaction time), whereas yz, for instance 
in Table 2, is a magnitude which is negative (and fictitious) in the interval 
from E=0 to E=6.25. This curve (C) gives an impression of the relationship 
between exposure and response which is almost as instructive as that of y. 
The curve does not pass through the origin because fictitious curvatures 
were not considered. The point in which this curve cuts the abscissa is 
close to the presentation time, but the exact position of this point is difficult 
to establish by extrapolation of the non-linear curve. 

In Figure 18, on the other hand, where z;—ypvree.) Was plotted against the 
logarithm of E, the relationship between 2, —ygtre) and log E can be con- 
sidered pracitcally linear up to E=8. This applies to all of the four values 
plotted for each value of E (z:—yrtrec) recorded at 16, 32, 64, and 96 min.). 
The regression lines for z:—Ygtre) against logo E (up to E=8) and the 
Physiol. Plant., 10, 1957 


DEVELOPMENT OF CURVATURES IN ROOTS 157 


Table 4. Estimation of the presentation time by means of the regression lines for ee Y green) 

plotted against log;, E (up to E=8; Figure 18). z,=total curvature at time £ of rotation 

at R=0.5 min. Yg(ree,)  Curvature, if any, recorded at the beginning of rotation. E=dura- 
tion of exposure to 1 g (0.58 to 8.08 min.). 


Duration of log presentation time | 
rotation, Regression line (=1l0g;, E for z,=0). 
| Eamin: 


10819 E yest.) | 


we 21g—Ya(rec.)— 3-63 logs) E+1.81 0.500 —1 

om 232 Up(rec.) — 7-90 logs) E+3.19 0.575—1 | 

64 24 Une, 11:80 log, E +541 0.542—1 | 

= 296 — VE(rec.) = 14-38 108, E+6.30 0.562—1 | 
Mean 0.545 —1 | 


Presentation time, Dee =0.351min. 


values of logio E for z;—Yxrec.) =0 were computed (Table 4). The mean of 
the latter yields Ep es) =0.351 min., indicating that an exposure must last 
0.351 min. or longer in order to produce a curvature at all within 96 min., 
or less, of subsequent rotation at R=0.5 min. (Leaving out the values for 
E=0.58, yields E;(est) =0.428.) Eycest., can be regarded as an estimate of the 
presentation time. The value of 0.351 min. is higher than the value E,=0.192, 
computed previously from Equation (25). The latter is probably closer to 
the true presentation time, but the computation of Eycest.) is much less com- 
plicated than that of E,. For most experimental purposes, Fyest) might 
suffice as a characteristic of the responsiveness of the root under the given 
conditions. The regression lines in Table 4 are not regarded as reflecting 
any fundamental relationship between response and stimulus. They hold 
only within certain limits and are offered merely as practical means for 
estimating the presentation time. The true quantitative relationship is, in 
the writer’s opinion, more correctly expressed by Equation (19) and Curve A 
in Figure 17, in which the velocity of curvature (fictitious or not) at the end 
of exposure is regarded as response. The maximum velocity is reached after 
about 10 minutes’ exposure. As soon as the reaction time is over (6.25 min.) 
the velocity of curvature can be determined directly from the recorded 
curvatures without the aid of the klinostat (Figure 7, Curve A). As described 
previously, however, the decrease of the angle of attack of gravity will 
reduce the rate of curvature, but the corrected curve (B in Figure 7) is a 
strong indication that the velocity of curvature will remain at its maximum 
value during exposures up to 170—200 min. Thereafter the rate of curvature 
seems to fall off. This may be a result of the preceding geotropic curvature 
itself (exhaustion, “fatigue”), or it may be an ageing phenomenon or perhaps 
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a separate anti-reaction. The rise of the velocity of curvature between 1150 
and 1350 min. (Curve À, Figure 7) is probably incidental. There is no indica- 
tion of a wave-like course of the activity curve within 10 hrs. by constancy 
of the mass acceleration, 1 g. Since the latter was not varied, the results of 
the present experiments can neither confirm nor disprove the claim of 
Brauner (1925) that the geotropie response to a given quantity of stimulus 
(GXE) shows rythmic fluctuations when plotted against the time facor (E) 
of the product GXE. It seems probable, however, that the slope of the velo- 
city curve in Figure 17 would vary as a function of G; i.e. the acceleration 
factor c in Equations (18) and (19) would vary. Otherwise the velocity curve 
would be expected to have the same general shape at varying values of G. 
The actual shape of the curve for c as function of G is so far unknown. 


Discussion of the Mathematical Formulations 


When roots are stimulated geotropically for various periods of time E, 
and the curvatures y, present at these times, are plotted against E, a curve 
is obtained which, up to E-values of 70 to 100 min., is an approximately 
straight line rising from an E-value between 6 and 7 min., the reaction time 
(Figure 10). If rotation at R=0.5 min. is begun at any E-value greater than 
the reaction time, and the resulting curvatures are plotted against the sum 
of the E-value and the times ? of rotation, a set of curves is obtained which 
are branching off from the y-curve, but still rising, although with decreasing 
velocity. The curvatures represented by this set of curves are called z. In an 
attempt to characterize the processes going on before the expiration of the 
reaction time it was assumed that also curvatures developed during rotation 
begun before this point can be represented by curves branching off from 
the y-curve, which will then have to be conceived as beginning somewhere 
below the abscissa. 

As shown in a previous section, the development of geotropic curvatures 
during rotation at R=0.5 min. can be quantitatively described by Equa- 
tion (13) when the initial curvature yg and its velocity yg are known. The 
determination of the parameter a (—0.020) rests on experimental data 
obtained after geotropic stimulation for 8, 16, and 32 min. The same data 
served for a determination of Ymax, Which was found to be 0.46. Umax. was 
determined independently by Equation (5), which yielded 0.50 in acceptable 
agreement with 0.46. When a and ÿmax. were thus established, the (fictitious) 
curvatures y present after stimulation for periods shorter than the reaction 
time were computed, together with their corresponding velocities y, by means 
of Equation (13) (Table 2). 

In order to attach some meaning to the fictitious quantities, the negative 
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z and y values may be conceived as mechanical resistances and the fictitious 
(but positive) 2 and y values as differences in amounts or concentrations 
of auxin in the upper and lower halves of the root. In all geotropically 
stimulated organs which have been investigated, the maximum differences 
in quantity of auxin seem to remain around 30 per cent of the total amount 
(65 versus 35 per cent). This means that the amount in one half of an organ 
goes up or down 30 per cent. It does not seem improbable that the growth 
system of the organs wouid be able to obey changes of this order, which 
would mean that the differential rates of elongation — and the rate of 
curvature — would be determined by the auxin distribution and not by 
availability of food factors — at least for a certain length of time. 

When the unilateral stimulation by gravity its discontinued by the start 
of rotation on the klinostat, a process of equalization of the auxin content 
in the two halves of the organ is initiated. This is caused by diffusion. In 
coleoptiles, equalization was reached in one hour or less (Dolk, 1936). On 
the assumption that the rate of curvature is proportional to the difference 
in amounts of auxin in the two halves of the root, Equation (12) describes 
the velocity of bending during rotation. Equation (13) describes the course 
of curvatures resulting from the preceding changes in auxin distribution, 
fictitious, negative angles being conceived as mechanical resistances. 

After 2—3 hrs., Equations (11), (12), and (13) may no longer hold. Possible 
explanations for such failure were suggested in various places in this paper. 
The description of the geotropic processes during the first 2 hrs. of rotation, 
however, by means of these equations seems to rest on a plausible theoretical 
foundation. 

One of the results of the analysis of the course of curvatures during rota- 
tion was the demonstration of the increase of the velocity y at the beginning 
of rotation (=end of stimulation) when the duration E of stimulation was 
increased. This means that the response to stimulation is a process with 
positive acceleration. In the rotation experiments, the formulation of the 
course of the processes was based on the laws of diffusion. The few available 
determinations of the time-course of the changes in auxin distribution under 
the influence of gravity (Dolk) are not incompatible with the view that the 
liminal distribution (65 to 35) is reached faster than the equalization during 
klinostat rotation; but we do not know the laws of development öf geo- 
induced polarization. The equation, (18), to describe the changes in auxin 
distribution under these conditions, therefore, does not rest on a theoretical 
foundation, but is only a formulation chosen to fit the general type of course 
to be expected. The ratio between c and b was known (bye: = 0.46). 
b was determined by means of Equation (21), using the y-values obtained 
by Equation (13) (regression lines). 

Physiol. Plant., 10, 1957 


160 POUL LARSEN 


By means of Equations (18), (19), and (20) and combination of these with 
the corresponding equations for the rotation experiments, an equation, (23), 
was finally developed which is capable of describing the course of devel- 
opment of curvatures during a period E of stimulation and a following 
period t of rotation at R=0.5 min. The agreement between computed and 
observed values must be considered satisfactory for E-values from 1 (or 
lower) to 32 min. and t-values from 0 to 120 min. This is a fairly large 
region of time intervals, and the agreement may be taken as an indication 
that Equations (11) and (18) actually do describe.essential features of the 
processes studied. If the formulations are correct, they lead to the following 
two consequences. 

1. The disappearance of polarization during rotation up to 2 hrs. follows 
the same course as the elimination of a concentration gradient by diffusion. 

2. Since the parameter b is more than 20 times as great as a, the forces 
involved in creating a polarization under the influence of gravity must be 
greater than those required to maintain the resulting concentration gradient. 


Summary 


1. The development of geotropic responses in roots of Artemisia absin- 
thium was followed by automatic, photographic recording and microscopic 
measurement of the angles of curvature on the photographic negatives. Plants 
were stimulated in the horizontal position for a certain period of time and 
then rotated parallel to the horizontal axis of a synchronous klinostat, either 
at one revolution per 0.5 min. (R=0.5) or at one revolution per 32 min. 
(R=32). Photographs were taken during the rotation. 

2. When seedlings were placed in the horizontal position and not rotated, 
their roots started to curve at a nearly constant rate (about 0.5° per min.) 
after 6—7 min. The decrease in rate of curvature noticeable after 100 min. 
can be quantitatively explained by the change of the angle of attack of 
gravity, but only up to about 200 min. 

3. When seedlings were stimulated in the horizontal position for periods 
longer than the reaction time and then rotated at R=0.5 min., they con- 
tinued curving but at a decreasing rate. The time curves for rotation after 
8, 16, and 32 min. of stimulation became practically identical when the 
curvature present at the end of the stimulation (=beginning of rotation) 
was subtracted from the recorded total curvatures (Figure 11). In plants 
stimulated for 0.5, 1, 2, and 4 min. no curvature was detectable at the end 
of the stimulation, but curvatures developed during the rotation. The initial 
velocity of these curvatures was higher the longer the duration of the pre- 
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ceding stimulation (Figure 10). A set of equations to describe the course of 
the time curves was formulated on the basis of assumptions concerning the 
unequal distribution of auxin and its equalization by diffusion. 

The increase in velocity of curvature by prolongation of the stimulation 
was believed to reflect the progression of processes (e.g. changes in auxin 
distribution) preparatory to the reaction (curvature) itself. The course of 
these processes was formulated in equations. According to the equations the 
presentation time (defined as the shortest exposure which will yield a barely 
positive curvature) is 0.19 min. 

4. Roots, stimulated as well as unstimulated, that are rotated at R=32 
min. perform curvatures which follow the motion of the klinostat, i.e. they 
bend alternatingly in opposite directions as a consequence of the stimuli 
created during the slow rotation. Equations to describe these movements 
were developed. The amplitude was computed to be about +2.5°, and this 
was verified quite well by experiment. The absolute height of the maxima 
and minima depends on the duration of the preceding stimulation and the 
duration of the rotation. Aside from the pendling movements, a geotropically 
curved root will tend to straighten out if rotated at R=32 min. (At R=0.5 
min., it will increase its curvature.) 

5. Unstimulated roots performed spontaneous movements. The standard 
deviation s of the changes in curvature taking place after the initial measure- 
ment was taken as a quantitative measure of the extent of the spontaneous 
movements (Figure 16). 

It may be concluded that the spontaneous movements develop almost 
unhindered during rotation at R=0.5 min. but are suppressed by induced 
geotropic movements at R=32 min. and in the vertical position. 

6. In stimulated roots, the spontaneous movements come in addition to 
the variability in geotropic sensitivity and reactivity and are superimposed 
on the geotropic reaction (curvature). 

When seedlings are placed in the horizontal position (and not rotated) 
there is a sudden increase in the variability of the curvatures as compared 
with vertical roots (Figure 16, Curve B versus A). After about 2 hrs., when 
the average curvature is about 60° and s—9°, s starts decreasing again. 

After 3—4 hrs. of rotation the variability is greater in stimulated than 
in unstimulated roots and much greater in roots rotating at R=0.5 min. 
than in roots rotating at R=32 min. 

The occurrence of the spontaneous movements and the enormous increase 
in variability of curvatures in roots rotating at R=0.5 min. make the deter- 
mination of geotropic responses very uncertain after 2 hrs of rotation. 

7. It is concluded that klinostat rotation at insufficient velocity will 
suppress both the spontaneous and the induced movements whereas the 
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growth-directing influence of gravity is probably almost eliminated by rota- 
tion at 1 revolution per 0.5 min. When studying the effect of geotropic stimu- 
lation, klinostat rotation at insufficient velocity is hardly better, and may 
be worse, than replacing the plant organ in the normal position after the 
stimulation. 

8. When discussing the shape of the activity curve of geotropic reac- 
tions (ie. the quantitative relationship between stimulation and response), 
the means of expressing the response should be adequately chosen and 
clearly stated. In the writer’s opinion, the best representation is obtained by 
plotting the velocity ÿ of curvature against either intensity or quantity of 
stimulus. In the latter case, if the intensity be kept constant, such a presen- 
tation yields a smoothly (but not linearly) ascending activity curve, approach- 
ing a maximum value (Figure 17). For exposures shorter than the reaction 
time, y must be determined by indirect means. 


9. The mathematical formulations are discussed. 
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II. Associated Culture of Spruce and Inoculated Alder 
without Combined Nitrogen 


By 
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Laboratory of the Foundation for Chemical Research, 
Biochemical Institute, Helsinki 
(Received December 15, 1956) 


In previous papers (Virtanen and Saastamoinen, 1, 2) the results of experi- 
ments on the growth of black alder (Alnus glutinosa) and grey alder (Alnus 
incana) in quartz sand have been reported. The experiments were divided 
into two groups. In the one the watering solution did not contain combined 
nitrogen, but the seedlings were inoculated with a water suspension of 
crushed root nodules of the alder. In this group nodules were formed on the 
roots of the test plants after 3 or 4 weeks and N,-fixation began. In the other 
group the seedlings were not inoculated but were given ammonium nitrate 
in the watering solution. During the fourth growing season nodules were 
formed on the roots of the alders in this group too, and hence there was no 
uninoculated group after that. The plants were still given ammonium nitrate, 
however. In both groups tests were performed at pH 7, 6.5, 6, 5, and 4. 
When the alders grew big and their roots filled the sand the pH could not be 
regulated any longer, and after the fourth growing season the pH variations 
in the sand can be considered almost non-existent. In addition to the experi- 
ments with alder some associated cultures of inoculated alder and spruce 
were also included in the experiments siarted in 1931. These experiments, 
as well as experiments with alder alone, were continued until autumn 1942. 
The methods used and the results of the experiments made up to the end of 
the fourth growing season (1931—1934) are reported in the previous papers. 

The experiments were terminated in autumn 1942 when the alders were 
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11 years old. Two years earlier, when they were about 3 m high, their tops 
had to be cut off because of the low-roofed greenhouse. The analytical 
results obtained in summer 1942 were unfortunately lost during the war. On 
the basis of photographs and measurements of the 11-year-old spruce grown 
in association with the alder, a spruce of the same age and size grown with 
combined nitrogen was analysed later on, and the values thus obtained were 
used instead of the analytical results which had been lost. This analysis 
illustrates the amount of nitrogen obtained by the spruce from the nodulated 
alder in an associated culture. 

The alders or alder and spruce, respectively, were transferred to larger 
pots twice during the experimental period (1934, 1938). The last vessel was 
a wooden tub of 100 1. By the end of the experiment in 1942, the roots filled 
the tub almost completely, and growth had consequently suffered. 

When the leaves were falling in the autumn they were removed many 
times a day as carefully as possible from the surface of the sand. Hence the 
spruce which grew in the same pot as the alder could not obtain nitrogen 
nutrition from the leaves to any appreciable extent, but derived it mainly 
from the roots of the alder. Part of the nitrogen compounds probably passed 
into the sand through decomposition of the roots, part through secretion. 

Throughout the experiment, the test plants were watered with the same 
nutrient solution as in the earlier years, i.e. 1.2 g MgSO, +7 aq, 1.5 g KCI, 
1.4 g KH,PO,, 1.3 g CaCO, per 20 1 tap water. The plants grew in the green- 
house in natural light. During the winter the lowest temperature was 
about 0°C. 

In autumn 1938, one of the now 7-years-old alders was analysed as well as 
the spruce grown in association with it. The results can be seen in Table 1. 


Table 1. Associated culture of alder (Alnus glutinosa) and spruce (Picea excelsa) in 
quartz sand. The 7 years old plants harvested on September 24, 1938. 
Dry matter g N mg 
5 : Pr: : : Stem, 
gre? Helen Stem Leaves rm via branches| Leaves | Roots| Tot N. 
m ranches | plan meas 
Alder 2.5 1,178.3 163.2 30.6 1,372 9,170 3,607 | 7,010) 19,793 
; Branches Branches 
“eu Stem with Roots ss Stem with Roots | Tot. N 
2 needles hen needles 
Spruce 0.50 12.1 45.2 9.5 66.8 53 Ant 46 590 
11 years old spruce corresponding to the spruce in associated cultures 
analvsed in autumn 1942 , ‘ . 
Spruce 0.70 24.2 | 94.6 20.4 139.2 80 889 82} 1,051 
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Figure 1. 


Figure 1. Associated culture of alder (Alnus glutinosa) and spruce (Picea excelsa) in 
quartz sand. Mineral nutrition without combined nitrogen. Left: uninoculated; 
right: inoculated. Two alders and two spruces in each pot. Spruces indicated 
by arrows. Photograph 1932. In the beginning of the second growing season 
one alder and one spruce was removed from each pot. 

Figure 2. Associated culture of inoculated alder and spruce in autumn 1955. The same 
culture as in Figure 1. The height of the spruce 20 cm. 


When the experiment was terminated in 1942 the alder and the spruce 
grown in an associated culture were again analysed. As mentioned before 
the results obtained have been lost. The analytical results for a spruce of 
the same size, but not belonging to the experiments with associated cultures 
of alder and spruce, are also presented in Table 1. 

Photographs of the associated culture of alder and spruce can be seen in 
Figures 1 to 5. These photographs were taken in different years during the 
11-year experimental period, and they give the best idea of the growth of 
spruce with nodulated alder under the condition that fallen leaves were 
continually removed from the surface of the sand in autumn. Simultaneously 
with the experiments described above, several experiments were also per- 
formed with alder alone. In some of these experiments fallen leaves were 
carefully heaped on the surface of the sand over the roots of the alder. As 
a result nitrogen-rich humus was formed relatively rapidly in the sand. 
Unfortunately all nitrogen and humus analyses were lost as mentioned. 

During the whole experimental period (11 years) fallen alder leaves were 
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Figure 3. Figure 4. 


Figure 3. The same associated culture as in Figure 2 in autumn 1937. The height of the 
spruce 40 cm. 
Figure 4. The same culture as in Figure 3 in autumn 1938. The height of the spruce 50 cm. 


gathered and analysed in the experiments with associated cultures. During 
the first 7 years (1931—1938) the leaves contained in all 14.0 g of N per 
alder. In autumn 1938, the other parts of the alder contained about 16.2 g 
of N in all (cf. Table 1). On this basis it can be calculated that during 7 years 
a total of about 30 g of gaseous nitrogen was fixed per alder. This amount 
was distributed over the different parts of the plant as shown in Table 2. 


Table 2. Distribution of nitrogen fixed during 7 years in the root nodules of alder. 


Plant analysed | Stems, branches and buds | Leaves | Roots and root nodules | Quartz sand | 


Ng | 9.2 | 140 “| 7.0 cra 0.6 


When fallen leaves decay in the earth, which happens comparatively 
quickly, humus of good quality is formed in plenty. The improving effect 
of alders on the soil is thus easy to understand. In a grove of alders about 
2.5 m high and with 10.000 specimens per ha, the soil would thus, through 
fallen leaves and roots remaining in the soil, be enriched by a good 200 kg 
of N per ha in all. Nitrogen losses are not taken into account in this cal- 


culation. 
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Figure 5. The same culture as in the 
previous Figures in autumn 1941. 
The height of the spruce 69 cm. 


It is interesting to note that nitrogen compounds pass into the soil from 
the nodules and the roots of alders even during the first years of growth, 
as our-experiments with associated cultures of alder and spruce have shown. 
From these results it cannot be said to what extent these nitrogen compounds 
are derived from broken roots and nodules, and how great a part is played 
by secretion. 


Summary 


Experiments with associated cultures of alder and spruce in quartz sand 
without combined nitrogen are reported on in this paper. The experiments 
were started in 1931 and finished in 1942. The results and the arrangement 
of the experiments from the first years (1931—1934) have been reported in 
detail earlier. The present results show that the spruce has obtained nitrogen 
fixed in the root nodules of alder although leaves falling in autumn were 
always carefully removed from the surface of the sand. Data are also given 


on the amounts of nitrogen fixed by the root nodules of the alder during the 
first 7 years. 
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Miss Saara Saastamoinen, M. A. with whom the experiments were arranged in 
1931, ranthem until 1939. Miss Sisko Osterberg has made the analyses of the 11-year- 
old spruces. 
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Introduction 


In a recent paper (Virgin, 1956 b) it was shown that no light-induced 
stomatal transpiration of etiolated wheat leaves could be detected until the 
chlorophyll a content of the leaves had reached a certain level. In fact, a 
close relationship was found between the chlorophyll a content of the leaves 
and the transpiration. In the same paper the question was also briefly dis- 
cussed whether chlorophyll is a necessary prerequisite for the stomata to 
respond to a light-impulse. Several investigations can be found in the litera- 
ture dealing with light-induced stomatal movements in so-called non-chloro- 
phyllous parts of plants, indicating a response to light also of these parts. 
The problem of giving an adequate explanation of the stomatal mechanism, 
i.e., the stomatal light-response, is intimately connected with the question 
whether photosynthesis, and therefore also chlorophyll, is necessary for the 
movements to take place. When discussing the rôle of carbohydrates in 
general in the guard cells during the movements, with special reference 
to the relation between soluble carbohydrates and starch during the varying 
phases of the motoric phase, it is of importance to consider the way 
in which these substances are formed within the cells and with their 
transformation into each other. According to the prevalent opinion (cf. 
Yemm and Willis, 1954; Virgin, 1956a) the stomatal movements are 
associated with changes in turgor of the guard cells and of the neighbouring 
cells of the epidermis and leaf parenchyma. Indirectly, Yemm and Willis 
came to the conclusion from their experiments “that there seems no reason 
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to doubt that the guard cells are capable of photosynthetic activity”. If this 
is the case the experiments concerning light-induced stomatal movements 
of so-called non-chlorophyllous plants must be reconsidered. It must be 
established with certainty whether or not chlorophyll pigments are necessary 
for the absorption of that light-energy which is required for the production 
of a response by the stomata. 

In most of the earlier studies in this field very vague information is given 
as to the exact pigment content of the investigated plants. Expressions as 
“non-chlorophyllous”, “chlorophyllfree” i.a. are frequently found (cf. Virgin, 
1956 b). It is therefore difficult to draw definite conclusions concerning the 
role of the pigments in many of these investigations. When in the present 
paper the word “non-chlorophyllous” is used, the intention is only to denote 
a tissue considerably poorer in chlorophyll pigments than the normal tissue. 
The expression does not refer to the actual chlorophyll content. 

The transpiration of variegated leaves has been studied by several authors. 
In his extensive study of chlorophyll-defect leaves, Kiimmler (1922) found 
only small apertures of the stomata in white parts under medium light- 
intensities. The aperture was increased when air saturated with moisture 
was used. Velsen (1930) showed, with the porometer method, less opening 
in parts of Ficus leaves which lacked green tissue. Scarth (1932) investigated, 
among other species, variegated forms of Pelargonium and Abutilon. Little 
effect of light was produced on white parts of the leaves. The very interesting 
observation was made that stomata on the white areas near the boundary 
of the green tissues open well and that the influence from the green areas 
spread as exposure to light continues. According to Scarth (1932) this in- 
fluence could be explained by the strong reduction of the carbon dioxide 
concentration in the green tissues under photosynthesis and by the diffusion 
gradient thus obtained at the boundary between white and green tissues. 
The strong influence of carbon dioxide concentration on the stomatal aper- 
ture and so also of the pH-value is well established (Scarth, 1932; Heath, 
1950, 1952; Heath and Milthorpe, 1950; Williams, 1950; Scarth and Shaw, 
1951 a, b; Williams and Barrett, 1954). Regarding the pigment concentration 
in variegated leaves of Pelargonium and Abutilon, Scarth (1932) says that 
in these plants there are some pigments in the plastids of the guard cells. 
Kiimmler (1922) describes the guard cells of the white areas of Pelargonium 
zonale as chlorophyll-free, but no quantitative estimations of chlorophyll 
content have been made. In a later paper Scarth and Shaw (1951 b) report 
that in leaves of white-edged Pelargonium zonale, the margins of which 
had been illuminated, whereas the green parts had been kept in darkness, 
starch was distinctly present in the guard cells of the white illuminated areas. 
After two days in light starch was found fairly abundant in these parts. No 
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starch whatsoever could be detected in the green areas kept in darkness. As 
the guard cells in these plants are equally pigmented in white and green 
areas the results strongly point to photosynthetic activity. 

In this paper the transpiration of chlorophyll-deficient plants has been 
taken under new consideration. By means of an improved measuring tech- 
nique employing a newly devised automatic humidity recorder it is now 
possible to register even very small changes in stomatal transpiration with- 
out interfering in the growth of the living object. 


Plant Material 


The following plant species were used for the experiments: 


Variegated forms: Barley: 
Ficus rubiginosa normal 
Bougainvillea glabra xantha 
Abutilon hybridum albina 


Pelargonium zonale 


From the variegated forms it was possible to obtain leaves with a com- 
pletely normal chlorophyll content and so-called non-chlorophyllous leaves 
without traces of normal tissue (exception: Ficus; see below). 

Non-chlorophyllous varieties of plants may result from quite different causes. 
From a genetical point of view one can distinguish between hereditary and non- 
hereditary deficiencies (de Haan, 1933). The latter are in general caused by infec- 
tions of different kinds together with abnormalities in the metabolism due to nutrient 
deficiencies and influences by extraneous factors, all affecting the physiology of the 
plants. The chlorophyll deficiencies in the plant material used for the present in- 
vestigation are all of hereditary origin. Most of the chlorophyll deficiencies charac- 
teristic of Abutilon used to be caused by virus infections. Such infections, however, 
will never affect whole leaves but give them a mosaic appearance. Except for the 
barley, type albina, thorough spectrophotometric analysis show that the non-chloro- 


phyllous parts of the species investigated do contain small amounts of chlorophyll 
pigments. 


The variegated forms were grown in the greenhouse in the Botanical 
Garden in Lund. Before starting an experiment the plants were placed for 
one hour in the dark room with the transpiration measurement instrument 
and the pots were richly watered so that the water deficit was kept at a low 
level (cf. Stalfelt, 1955). 

The barley plants were grown in moist sand in a greenhouse for about 
10 days. The chlorophyll-deficient mutants were obtained by means of 
X-irradiations (Gustafsson, 1947; Holm, 1954). As the mutation frequency 
is comparatively low for obtaining these kinds of mutants, a great amount 
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Table 1. Chlorophyll content of the experimental material. Expressed in mg per g of 
fresh weight. 
eee 


Type Chl. a Chl. b 
EEE ah ER re ee it ew ed 
Ficus rubiginosa | 
DORA nee nee cie Sw ver god ee nuéfe 0.775 0.364 
HONCDIOTODRVIE EE ns ne ae 0.00271 01 
Bougainvillea glabra 
REN 0 etalon ts IE LR 1.51 0.57 
HONCHIOTOPRU IEEE EE ee che -.e 0.033 0.015 
Abutilon hybridum 
HORAIRE RES CIRE, ru LUE 0.780 0.268 
non-chlorophyll. 1.02... 0.0... 0.078 0.026 
Pelargonium zonale | 
MONA LEP. ANR ee ee 3.33 1.40 | 
MOM-COLOGOP YL eines ois, ek ogereys saek cone 0.079 0.021 
Barley 
AVOPINVAL ME. ME De den nie iris ee de 0 0.755 0.201 
SEEN 400 bot a DO cit er 0.021 0.0063 
BRANDT Glee San ere en te ba le nee a à 0 0 


1 The figures are uncertain due to the very small amounts of pigments. 


of seeds had to be planted. Plants used for the experiments had a length of 
about 10 cm. The xantha types may be characterized as a heterogeneous 
group containing various amounts of pigments, but they diverge strongly 
from the normal plants in respect to their yellowish colour. The content of 
chlorophyll pigments of the different plant tissues, used for the experiments, 
is seen in Table 1. 


Method 


The transpiration of the different plants was determined by means of the 
corona-hygrometer developed by Andersson and Hertz (1955), which has 
since been employed for studies of plant transpiration (Andersson and Ru- 
felt, 1954; Rufelt, 1956; Virgin, 1956 a, b). 


For most of the experiments a transpiration chamber of Perspex was used, the 
inner dimensions of which were 120X404 mm. (Cf. Virgin, 1956 a). The speed 
of the air stream passing the transpiring material was 5 meters per minute. In some 
of the experiments with barley (xantha-varieties and their controls) a chamber, 
with inner dimensions of 70303 mm, was employed. The speed of air in this 
latter chamber was 8 meters per minute. Prior to a measurement the instrument 
was carefully calibrated, using air of different humidity values obtained by letting 
the air pass over sulphuric acid of the proper concentrations. The temperature during 
all experiments was kept between 22°C—23°C. The transpiration chambers were 
not surrounded by a water jacket of constant temperature, but control measure- 
ments showed that the temperature in the chambers never exceeded 23°C. 

The light source for illumination was a 1000 watt Kino lamp, type Osram 294 G. 
Before reaching the transpiration chamber, the light passed a 15 cm thick layer of 
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running water and a 3 mm thick heat-absorbing glass [ON 19, Chance Brothers Ltd, 
Birmingham, England; the data for light absorption are found in Virgin (1951, 
p. 266)]. Control measurements with interference filters, transmitting only invisible 
heat radiation, showed practically complete absorption of light with wavelengths 
longer than 710 mu. 


As the experiments include illumination of differently coloured materials, 
it was of great importance to check that the variations in heat absorption and 
the transformation of visible light energy into heat did not cause a difference 
in the temperature of the normally green and more whitish chlorophyll- 
deficient tissues. No such differences could be detected under the experi- 
mental conditions used. Also the fact, shown earlier (Virgin, 1956 a), that the 
start of the stomatal transpiration depends on the length of the period in 
darkness prior to the illumination, implies that no or a very small rise in 
transpiration is due to temperature differences. Such a rise — if present — is 
nevertheless negligible in the present experiments. The intensity of the light 
for illumination was 50,000 meter candles. 

When starting an experiment, a leaf of the proper size — in situ on the 
living plant — was carefully inserted in the transpiration chamber with the 
under side facing the light source. In the experiments with barley, 8 plants 
of the same size were used with their roots in an aerated nutrient solution. 
The space around the petioles and leaf bases .was sealed by means of 
modelling clay. The chamber was placed in position and the transpiration 
in darkness was followed for a period of about 20 minutes. After this time 
in darkness the stomata are closed, in any case the transpiration is low and 
probably originating largely from the cuticle. When constant transpiration 
was obtained the light was switched on and the transpiration was followed 
for about 35 minutes, whereafter the light was switched off in order to check 
that an eventual rise in the transpiration was due to stomatal response. 

Transpiration values obtained in this way are only comparable provided 
the transpiring surface is the same in the experimental series to be compared. 
After several preliminary experiments, it became possible to obtain leaves 
of practically the same total area in the different series. As it could be shown 
that the same weight of different leaves of the same species had approximately 
the same surface, it was sufficient to determine the weight of the leaves 
after the end of the single experiments. Comparisons were then made between 
leaves having approximately the same weight. Also the amount of stomata 
per surface unit was measured. The data are given in Table 2. As can be 
seen from the table no significant difference in number between different 
parts exists. 


Determination of the pigment content was made on ether extracts of raw-chloro- 
phyll [extraction by means of acetone according to the method of Koski et al. (1951) ]. 
Physiol. Plant., 10, 1957 


STOMATAL TRANSPIRATION OF SOME VARIEGATED PLANTS 


175 


Table 2. Number of stomata per 1 mm? of leaf area in normal and non-chlorophyllous 
parts of different plants. Average of 20 measurements. 


Tl III 


Normal Non-chlorophyllous 
Upper side | Under side | Upper side | Under side 
PENSE TUDIGINOSG. EE... de. «2 to ee 0 9.58 + 0.492 0 9.16 + 0.45? 
Bougainvillea glabra ............ 0 17.7 = 0.54 | 0 16.6 +0.82 
Abutilon hybridum..........-... 0 25.2 25055 | 0 27.8 -- 0.69 
Pelargonium zonale ............. 0.55 8.18 + 0.35 1.10 9.59 + 0.37 
BOrle normal a. — 13.1 +0.16 | — | — 
RR albinag PE zen... — — | — 12.8 + 0.28 
3 SERIEN © GLO Chae aeRO — | — -- 12.2 +0.32 | 


1 Amphistomatic leaves. 
2 Mean deviation from arithmetical mean. 


The absorption spectra of the pigment extracts from normal and non-chlorophyllous 
forms were measured with a Beckman Spectrophotometer, model DU; cell thickness 
1 cm. The chlorophylls were determined according to Smith and Benitez (1955; 
p. 159). 


In most cases the humidity of the incoming air was 30 per cent. In order 
to be sure that photosynthesis in normally green tissue should not influence 
the stomatal movements of the non-chlorophyllous parts (Kiimmler, 1922; 
Scarth, 1932), experiments were performed only with completely white 
leaves containing no dark green spots. The transpiration of such leaves were 
compared with that from the same surface of normal tissue under identical 
light- temperature- and humidity conditions. 


Experimental Results 


1. Variegated plants 


a. Ficus rubiginosa (Figure 1). The stomatal transpiration of non-chloro- 
phyllous leaves is much smaller than that of normal leaves of the same total 
area, but still quite evident, Certain parts of the yellowish non-chlorophyllous 
area contain small spots of about 0.25 mm? in size with normally coloured 
tissue. These spots can only be found after closer examination. Prior to the start 
of an experiment the leaves were investigated very carefully and all chloro- 
phyll spots were covered with paraffin oil. 

The determination of chlorophyll content was performed on material free 
to the utmost possible extent from such dark green spots. Nevertheless the 
absorption spectrum of the raw-chlorophyll extract of non-chlorophyllous 
parts shows some absorption around 660 mu. This implies that small amounts 
of chlorophyll pigments are present — probably localized to the guard cells. 
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Figure 1. Transpiration and pigment content of normal and non-chlorophyllous leaves of 

Ficus rubiginosa; var. fol. varieg. Light intensity 50,000 meter candles. Humidity of the 

incoming air 30 °/o. Airstream 800 ml per minute (speed in the transpiration chamber 

5 meters per minute). Transpiring material 1.338 g and 1.340 g of leaves, fresh weight. 

Inset: absorption spectra of ether extracts of the two kinds of tissue. A. 0.360 g of leaves 
in 25 ml of ether. B. 0.360 g in 10 ml of ether. 


The relation in chlorophyll content between non-chlorophyllous and normal 
parts is seen in Table 2. The ratio carotenoids/chlorophyli pigments is con- 
siderably higher in the non-chlorophyllous leaves than in the normal ones. 

b. Bougainvillea glabra (Figure 2). The difference in transpiration be- 
tween normal and non-chlorophyllous leaves is also here quite evident but 
not so great as in the foregoing case. The transpiration of the chlorophyll- 
free leaf rises relatively steeply in the beginning but decreases again after 
about 11 minutes and is thereafter maintained at a low level. The content 
of pigment is in this case considerable higher than in Ficus. The relation 
non-chlorophyllous/normal is seen in Table 2. It can also be seen from the 
absorption spectra that there are proportionally higher amounts of caro- 
tenoids in the non-chlorophyllous areas as compared with the normal. 

c. Abutilon hybridum (Figure 3). The non-chlorophyllous leaves of this 
plant are pale yellowish green and seem to contain small amounts of chloro- 
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Figure 2. Transpiration and pigment content of normal and non-chlorophyllous leaves of 

Bougainvillea glabra; var. fol. varieg. Transpiring material 0.687 g and 0.680 g of leaves, 

fresh weight. Inset: absorption spectra of ether extracts of the two kinds of tissue. 

A. 0.550 g of leaves in 150 ml of ether. B. 0.550 g of leaves in 15 ml of ether. Otherwise 
as in Figure 1. 


phyll pigments. The difference in chlorophyll content between non-chloro- 
phyllous and normal leaves is seen in Table 2. A microscopic investigation 
reveals that not only the guard cells but aiso the other parenchymal tissue 
seem to contain green chloroplasts, the latter, however, to a smaller degree 
than in normally coloured tissue. The transpiration of non-chlorophyllous 
leaves is less than that of normal ones but the difference is not conspicuous. 
It is probable that photosynthesis takes place in all cells in this plant and 
that the aforementioned remote effect on the guard cells of other photosyn- 
thesizing cells (Scarth, 1932) contributes to a higher efficiency of the stomatal 
cells than should be the case, were these the only chlorophyll-containing 
cells. 

d. Pelargonium zonale (Figure 4). According to Scarth (1932) the guard 
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Figure 3. Transpiration and pigment content of normal and non-chlorophyllous leaves of 
Abutilon hybridum; var. fol. varieg. Transpiring material 0.361 g and 0.350 g of leaves, 
fresh weight. Inset: absorption spectra of ether extracts of the two kinds of tissue. A. 0.550 g 
of leaves in 100 ml of ether. B. 0.550 g of leaves in 10 ml of ether. Otherwise as in Figure 1. 


25 30 35 40 45 


cells in the non-chlorophyllous, whitish parts contain normally coloured 
chloroplasts. The relation in chlorophyll content between non-chlorophyllous 
and normal parts is seen in Table 2. Despite the big difference in chlorophyll 
content between the two kinds of tissue the difference in transpiration is 
not particularly evident. The transpiration from the leaves of the plant in- 
vestigated was generally lower than that of the other investigated plants. 
Here should be pointed out the great influence of the humidity of the in- 
coming air on the recorded transpiration. It is evident from the results that 
the stomata of the Pelargonium leaves respond strongly to changes in water 
content (cf. also Williams, 1950). A rather high amount of carotenoids is 
present in the non-chlorophyllous tissues. 


2. Chlorophyll-deficient mutants of barley 


In the experiments hitherto described all the plants had small amounts 
of chlorophyll pigments together with carotenoids. They all also showed 
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Figure 4 Transpiration and pigment content of normal and non-chlorophyllous leaves of 

Pelargonium zonale. Transpiring material 0.456 g and 0.471 g of leaves, fresh weight. 

Humidity of the incoming air 30 % and 50 °/o. Inset: absorption spectra of ether extracts 

of the two kinds of tissue. A 1.100 g of leaves in 150 ml of ether. B. 0.550 g of leaves in 
15 ml of ether. Otherwise as in Figure 1. 


light-induced transpiration, in all probability caused by light-induced move- 
ments of their stomata. In none of these cases did the light fail to have an 
effect. From these experiments and from similar ones described in the litera- 
ture, it is evident that non-chlorophyllous parts of variegated plants, on the 
one hand, contain small amounts of chlorophyll pigments, on the other, 
also show light-induced stomatal movements. It is here insignificant whether 
the chlorophyll pigments are located in chloroplasts of the guard cells or in 
plastids of the neighbour mesophyll cells, as remote effects due to carbon 
dioxide diffusion have been observed to take place (Scarth, 1932). 

It is known (Blaauw-Jensen et al., 1951 and others) that not only the 
‘chlorophyll pigments are formed when dark-grown plants are placed in 
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Figure 5. Transpiration and pigment content of normal, xantha, and albina barley. Eight 

leaves were used in all cases. Inset: absorption spectra of ether extracts of the three kinds 

of tissue. A. 0.550 g of leaves in 75 ml of ether. B. 0.540 g of leaves in 15 ml of ether. 

C. 1.100 g of leaves in 15.ml of ether. Air stream 800 ml per minute (speed in the transpira- 
tion chamber 8 meters per minute. Otherwise as in Figure 1. 


medium intensities of light. Also some of the yellow pigments, especially 
B-carotene, are influenced by light. When dark-grown plants are placed in 
light an acceleration of the formation of this pigment sets in at about the 
same time as the acceleration of the formation of the chlorophylls. There are 
experiments indicating that light energy absorbed by yellow pigments may 
play a rôle in the photo-response (cf. Harms, 1936; Liebig, 1942). It may 
therefore be considered rash to correlate the stomatal movements only with 
the occurrence of the chlorophylls (Virgin, 1956 b). A way of getting some 
idea of the rôle of other pigments than the chlorophylls in the light-response 
would be to study the behaviour of chlorophyll-deficient mutants. There 
are nowadays, thanks to X-rays and other ionic radiations. a series of dif- 
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ferent kinds of chlorophyll mutations available which differ in respect to 
the content of the different pigments, normally present in a leaf (cf. Holm, 
1954). Measurement of the transpiration in light of such plants may clarify 


the eventual rôle of other pigments than the chlorophylls in the light-induced 
stomatal movements. 


a. Barley, type xantha (Figure 5). The colour of the leaves was pale 
greenish yellow. As can be seen from the absorption spectrum of a raw- 
chlorophyll extract, the leaves contain considerable amounts of carotenoids, 
but also small amounts of chlorophyll pigments. The pigment composition 
can be compared to that of the variegated plants, already described. Irradia- 
tion produces an increased transpiration which shows that a stomatal 
response takes place. The relation in chlorophyll content between xantha and 
normal barley is seen in Table 2. 


b. Barley, type albina (Figure 5). The colour of the leaves was white 
with the slightest yellowish tinge. According to the absorption spectrum 
of the raw-chlorophyll extract, the leaves contain no traces of chlorophyll 
pigments and very small amounts of carotenoids. No light-induced transpira- 
tion whatsoever could be obtained from these leaves, regardless of the 
humidity of the incoming air. The presence of the small amounts of caro- 
tenoids thus do not have any influence on the visible motoric phase of the 
stomatal movements. 

A microscopic investigation of the leaves reveals that the stomata are 
completely closed and of a xeromorphous type, being submerged in the 
epidermis, as shown by Holm (1954). They do not differ in the latter respect 
from some xantha and viridis mutations which show light-induced stomatal 
response. 


General remarks on the transpiration of albina mutants of barley 


When studying the barley plants as they were growing in the sand beds 
in the greenhouse, it could be easily noticed that the albina plants showed 
a high rate of formation of guttation droplets, whereas at the same time no 
or very small guttation droplets were formed on the normal plants. In fact, 


the guttation from the albina plants often became so vigorous that — under 
good evaporation conditions — large salt crusts were formed at their leaf 


tips. The accumulation of greater deposits often caused infiltration of the 
upper tips of the leaves due to osmotic collapse of the cells. Such phenomena 
could never be observed on normal plants, even if small salt crusts some- 
times also collected on their tips. If normal plants together with albina plants 
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were placed in darkness in air saturated with humidity, no difference in 
respect to formation of guttation droplets could be found. 

Seedlings of most grasses show strong guttation under favourabie condi- 
tions. The guttation is the result of the action of the root pressure and is 
therefore due to the high internal water pressure in the plant. The liquid of 
guttation is in grasses exuded through hydatodes at the tips of the leaves. 
The guttation can be considered as a result of a lack of correlation between 
the rate of water absorption and the rate of water loss (Stocking, 1956). It 
is a generally known fact that the formation of guttation droplets from the 
leaf is promoted if the plant is placed in air saturated with moisture with 
the roots in a well aerated nutrient solution. The explanation for this fact 
would be that no water loss by means of stomatal transpiration takes place. 
This causes a high saturation value for the water content of the plant and 
favourable conditions for gutiation is produced. 

The difference in guttation intensity between normal and albina plants 
grown under conditions favourable for stomatal transpiration can be easily 
explained on the basis of the experimental results reported in Figure 5. 
A decrease of the stomatal transpiration of a plant showing guttation leads 
to a higher rate of formation of guttation droplets. Therefore albina plants 
— showing no light-response of their stomata — in general have higher gutta- 
tion intensity as compared with normal plants with open stomata. 


Discussion 


In the present paper the light-induced stomatal transpiration has been 
followed in plants containing varying concentrations of chlorophyll pigments. 
The findings indicate that a light-response can always be established when 
chlorophyll pigments are present — even if they are present in low con- 
centrations in comparison to those in normal plants. The experiments also 
confirm that so-called non-chlorophyllous plants practically always do con- 
tain small amounts of chlorophyll pigments which can be detected spectro- 
photometrically or still better by spectrofluorometry (French, 1955; Virgin, 
1956 c). Plants which do not give any positive chlorophyll test do not show 
any stomatal transpiration. The site of the chlorophyll pigments in the in- 
vestigated plants has not been studied in detail. It is therefore possible that 
the total pigment content of the plants in some cases may be localized only 
to the guard cells (cf. Scarth, 1932). This does not change the problem, 
however, as no leaves of higher plants have as yet been found lacking chloro- 
phyll pigments in their guard cells at the same time as they have normally 
developed chloroplasts i in the mesophyll layers. 
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The theories concerning the inner mechanism of the stomatal movements 
include four different possibilities (Stälfelt, 1956), namely: the theory of 
photosynthesis; the theory of permeability and adenoid activity; the enzyme- 
and plasma theories. According to these theories the stomatal movements 
could be explained assuming that different mechanisms of the cell meta- 
bolism play a röle at the start of the chain of reactions leading to the move- 
ments. The theory of photosynthesis includes the assumption that photo- 
synthetic processes in the guard cells or in their vicinity are essential for 
the formation of the osmotically active substances necessary for the mecha- 
nism. Variations in the concentration of these substances would cause the 
changes in turgor, experimentally shown always to take place in connection 
with the movements. (For references, see Stälfelt, 1955, 1956, pp. 504-407). 
The other theories include changes in chemical and physical structures of the 
protoplasm as a response to outer stimulations — in nature consisting 
mainly of changes in water and/or light intensity. The complicated course 
of the reaction, however, implies that the taking into account of one these 
processes does not necessarily mean that the other possibilities can be 
excluded. The long chain of reactions from the first reception of the impulse 
may go over several of the different steps included in the theories. 

The question whether chlorophyli and therefore also photosynthesis play 
a röle in the stomatal mechanism is a central problem. Although still no 
definite proof has been presented that photosynthesis really takes place in 
the guard cells, i.e., no evolution of free oxygen has yet been established, it 
is now fully evident that the chlorophyll present in these cells is identical 
with mesophyll pigments in respect to absorption properties (Freeland, 1950, 
1951; Shaw and MacLachlan, 1954 a; Yemm and Willis, 1954). Also starch 
formation has been demonstrated (e.g., Scarth and Shaw, 1951 b; Yemm and 
Willis, 1954). The fact that CO, is accumulated in light in the guard cells 
containing green chloroplasts (Shaw and MacLachlan, 1954 a, b) and that 
the grana in the guard cells of spinach reduce blue tetrazolium under 
anaerobic conditions (Dyar, 1953) also strongly supports the idea of photo- 
synthetic activity in the guard cells. According to Heath and Russel (1954) 
there are some evidences for a direct light-response of the stomata indepen- 
dent of carbon dioxide, but these results have to be reconfirmed. 

The experiments with the albina variety of barley described in this paper 
show that the presence of yellow pigments alone is not sufficient for the 
stomata to respond to light with opening movements. It cannot be excluded, 
however, that yellow pigments are active as absorbing media for some of 
the light-energy but that a visible movement can only take place if also 
chlorophylls are present. In this connection earlier experiments should be 
mentioned showing the great effect of blue light on the protoplasm in general 
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(Virgin, 1951, 1952, 1954). If photosynthetic material, however, is a pre- 
requisite for the changes in turgor and these changes are the cause of the 
movements, no visible effect can be expected if only carotenoids (or other 
yellow pigments as riboflavin — cf. Stoy, 1956) are present. 


Summary 


Light-induced stomatal transpiration of some chlorophyll-deficient plants 
was studied and compared with the transpiration of normal plants. 

The experiments indicate that so-called non-chlorophyllous parts of 
variegated plants contain small amounts of chlorophyll pigments. Non- 
chlorophyllous leaves of such plants show a light-induced stomatal trans- 
piration considerably smaller than that of normal leaves of the same size. 
A light-response was always obtained when chlorophyll was present. 

Xantha mutants of barley, containing small amounts of chlorophyll pig- 
ments besides the carotenoids, also showed a small light-induced increase 
in transpiration. Albina mutants, containing small amounts of yellow pig- 
ments but no chlorophylls whatsoever, showed no trace of a light-response 
in this respect. In dry air albina mutants show a higher rate of guttation 
than normal plants. 

The conclusion is drawn from the experiments that chlorophyll pigments 
are a necessary prerequisite for the stomata to respond to light with opening 
movements. The experiments speak strongly in favour of explaining part of 
the stomatal mechanism by the theory of photosynthesis. 


The author is indebted to Dr. Gerhard Holm and Dr. Ulrike Lundqvist for their 
help in obtaining the barley mutants. 
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Introduction 


It was early recognized that the inhibition of root elongation by IAA de- 
creases with time, i.e., the roots apparently adapt themselves to an excess 
of auxin. The phenomenon was simply described in the earlier literature (see 
references in Burström 1942). The quoted paper contains an attempt to 
analyze the course of the elongation of roots inhibited by and adapted to IAA. 
The conclusion was drawn that JAA under all circumstances enhances the 
initiation of the elongation, and that inhibition or adaptation depends upon 
the duration of the period of elongation. Consequently the adaptation could 
not or not entirely be explained by a destruction of the IAA added. The 
experimental technique employed in these studies was not quite satisfactory 
and could be improved by using a continuous IAA supply by means of solu- 
tions flowing over the roots. This was done (Burstrôm 1950), and the adapta- 
tion confirmed. It was also found that the roots simultaneously adapted 
themselves to the so-called antiauxin a-(4-chlorophenoxy)isobutyric acid 
(PCIB). This seemed to strengthen the assumption that the adaptation in- 
volved changes in the roots themselves, and did not consist only of a 
destruction of IAA. 

The rapidly increasing knowledge of the IAA-oxidase (cf. Gordon 1954) 
offers possibilites for explaining the adaptation, especially the claim by 
Galston and Dalberg (1954) and Pilet and Galston (1955) that the oxidase is 
formed adaptively, its amount or activity increasing upon an addition of IAA, 
Galston and Dalberg also mention that two so-called antiauxins, a-(2,4- 
dichlorophenoxy)isobutyric acid and TIBA, likewise induced TAA-oxidase “in 

Physiol. Plant., 10, 1957 


[187] 


188 HANS BURSTRÖM 


some experiments” without giving any further data. This would be in good 
agreement with the mentioned observation that roots adapt themselves to 
IAA and PCIB simultaneously. Reference should also be made in this con- 
nexion to the influence of phenols on IAA-oxidase and peroxide formation 
(Goldacre, Galston, and Weintraub 1953, Siegel and Galston 1955, Hillman 
and Galston 1956). 

In this way adaptation problems have been mainly studied biochemically 
in vitro, but the knowledge of what is happening physiologically during 
adaptation remains incomplete. For this reason experiments were carried 
out (Burström 1957) with wheat seedlings supplied with IAA in flowing 
nutrient solutions. It was found that the sensitivity to IAA decreased during 
the development of the seedlings, regardless of whether IAA was supplied 
or not. The following experiments seem to eliminate the possibility that the 
apparent adaptation depends upon a formation of IAA-oxidase. Normal 
plants and plants in progress of adapting themselves to IAA were supplied 
with a slightly higher concentration of IAA. Both lots reacted with an im- 
mediate inhibition and there was no significant difference between them. 
This seems to be a rather strong evidence, the more so as normally the 
elongation of adapted roots exceeds that of the controls — a regularly 
occurring root growth promotion by IAA. According to the enzyme explanat- 
ion, the oxidase should then have been produced in excess and reduced 
even some amount of endogenous IAA. In any event, the adapted roots 
should have been considerably less sensitive to an increased IAA addition, 
but they were not so. It has been suggested that the adaptation depends 
upon a shift from one mode of elongation to another, in accordance with a 
previously outlined picture of the cell elongation (cf. Burström 1955). 

Nevertheless, the results so far have been more or less negative in that 
they seem to exclude the very attractive principle of enzymatic adaptation. 
In order to strengthen the physiological back-ground, the investigations of 
the course of elongation of normal and adapting roots (Burström 1942) have 
been repeated on a more accurately treated material and also extended. 
Part of these results are presented in the present paper. Since the experim- 
ental conditions are important and the sources of error may be serious, 
the methods have been described at length. 


Methods 


Wheat seedlings (Eroica) were grown in flowing solutions of the basal composi- 
tion KH,PO, 1/1000, NaNO, 1/1000, MgSO, 1/4000, Fe-Versenate 1/50,000 M with 
additions of CaCl, from 10° to 10% M and IAA up to 1076 M. The calcium con- 
centration is particularly important, since the adaptation is closely related to the 
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Ca-status. Ca 1074 M is optimal for the over-all root elongation; the IAA inhibition 
is less at a lower Ca concentration but the adaptation is more rapid, regularly 
leading to an over-all root growth promotion by IAA (Burström 1957). The pH 
should theoretically be 5.0 but varied in the used solutions up to 5.8. The series 
were run in triplicate with 15 seedlings each, at 22°C and continuously illuminated 
by fluorescent lamps. 

The stability of IAA must be especially considered. Fresh IAA solutions were 
made daily and diluted in portions in proportion to the consumption, so that IAA 
was never held in stock solutions. A special difficulty with roots is bacterial infec- 
tion on the surface, which is a wholly normal phenomenon in ordinary cultures and 
seriously jeopardizes all results with hormonal additions in low concentrations. 
Strictly aseptic work was not feasible in the large-scale, long-time experiments with 
flowing solutions, but the equipment was sterilized before the start of each series, 
and all precautions were taken to avoid infection as far as possible. 

The course of development of the roots was followed at 24-hour intervals by 
measuring microscopically the lengths of the mature epidermal cells developed. 
On a restricted part of the material the zones of elongation were studied and curves 
of the actual cell elongation constructed. With different modifications the method 
has been employed in routine work for years, and the histological conditions per- 
mitting the computations has been scrutinized earlier (Burström 1941). Recently 
Goodwin and Avers (1956) have suggested a similar technique for other grass roots 
(Phleum). 

The curves of cell elongation were constructed in the following way. The lengths 
of the epidermal cells were measured by means of an ocular micrometer on fixed 
distances from the tip of the meristem, throughout the zone of elongation to the 
mature part. The distances between the points amounted to 0.765 mm. Ten roots 
of each treatment, selected for average length, were studied, and at each point five 
pairs of cells were measured. They were measured in pairs in order to eliminate 
the influence of the cell dimorphism (Burström 1941). The mean values for each 
distance and all roots were computed, and thus every value is the average of 100 
cells. These cell length values were plotted in a diagram over the distance from the 
tip, and from the curve the average cell length for each interval was estimated 
graphicaliy. The length of the interval was divided by this mean length, which 
gave the number of cells, and the recorded cell lengths values were plotted over 
the cell number from the root tip (cf. Figures 1 and 2). Finally the number of 
cells produced during the 24-hour interval was computed from the increase in cell 
number, and the cell number transformed into a time-scale (see figures). In this way 
curves were constructed showing the true elongation per cell in u over time in hours. 

This computation is founded on a constant rate of cell multiplication, but according 
to a long experience with this method and the plant material, IAA under the given 
conditions does not change the cell multiplication over a restricted interval of time. 

The errors of the measurements are exemplified in the tables. 


Results 


A fairly large number of experiments on the adaptation to IAA have been 
carried out, most of them only with determinations of the daily over-all root 
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Table 1. The adaptation of root cell elongation to IAA. Experiments run for four days 

with records of cell lengths every day. The investigation was extended over a period of 

six months with controls repeated in every series. Cells lengths given in u are averages 
of 240 measurements each. 


CaCl, IAA Day 
u u 1 2 3 4 
EEE LE ae ceed ee ee. eo 

10-7 0 282 +6 246 +5 88 +1 70 +1 
10—7 53 +1 106 + 2 176 +4 98 4 2 
10-7 0 233 +5 205 + 5 169 + 3 Sie 1 
3-10-7 46 +1 142 4 3 255 +5 129 4+ 3 
10--7 0 255 + 5 240 +5 17143 115 + 2 
3-10-7 48 41 179 + 4 223 +4 123.2 
10-+ 0 204 + 2 203 + 5 267 + 5 235 + 4 
10-7 46 +1 88 + 1 256 + 6 2174 4 
10-4 0 198 +4 193 + 4 268 + 5 261 + 4 
3.10-7 47 +1 92 +1 281 +5 278 + 5 
10-4 0 208 +4 271 +5 267 +5 258 + 5 
3-10-7 3941 107 +2 291 + 6 230 + 4 


elongation and the lengths of the fully developed cells. They show the general 
trend of the adaptation; some series have been published elsewhere (Bur- 
ström 1957) and a collection of comparable series made in Table 1. The 
reproducibility of the results is satisfactory, considering that the series were 
spread irregularly over a period of half a year. As was to be expected the 
poorest agreement was obtained with Ca-deficiency. 

The following points should be emphasized, also supported by the material 
presented in another publication (Burstrôm 1957). (1) The calcium requir- 
ement is very low on the first day, 10-* M being over-optimal and maximal 
growth obtained at 10~7 (or 10”) M. This shifts rapidly, and already on the 
third day the deficiency in 10~7 M is severe, whereas the elongation increases 
in 10-4 M. This shows some inherent change in the seedlings during their 
development. — The adaptation to IAA is conspicuous. (2) The adaptation 
is more rapid with a high than with a low IAA supply. This result is not 
very pronounced in the presented material but has been verified in all series 
carried out. (3) The adaptation is more rapid with a low than with a high 
calcium addition. (4) The adaptation leads to a highly significant growth 
promotion by IAA with low Ca and a smaller but constant and significant 
increase after three days with high Ca supply, provided that the IAA addi- 
tion is high, — One objection could be made against the interpretation of 
the pronounted growth acceleration at Ca 10-7 M as promoted by IAA. It 
could be argued that the initial IAA inhibition saves Ca so that the deficiency 
sets in later than in the control plants, which rapidly consume the small 
amounts of Ca available in the seed. There may be something in this view, but 
the following facts speak against it. The growth promotion appears, although 
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Figure 1. The cell elongation of 
control roots (A) and roots in IAA 
3-10” M (B) after 96 hours’ treat- 
ment. For the computations cf. the 
text. The maximal rates of elonga- 
tion in Table 2 have been computed 
from the broken lines in the figure. 


30 50 70 CELLS 
0 5 10 15 20 HOURS 


less pronounced, at all Ca concentrations up to 10-* M, which initially is 
over-optimal. The consumption of calcium is certainly small in the roots as 
compared with the normally developing shoots, so that differences in the 
root development are of little consequence for the calcium consumption. It 
has also been shown that at a low temperature (10°C, Burström 1956) Ca 
1077 M is sufficient for maximal growth for up to 10 days. It is thus probable 
that the incipient deficiency of calcium is not produced by a consumption 
of stored calcium but by a change in the character and Ca-requirement of 
the roots. — (5) Finally the growth promotion also disappears and the roots 
are wholly adapted. 

It has been pointed out (Burström 1956) that there is an obvious inter- 
action between Ca and IAA, which counteract each other. Generally speaking 
the adaptation is favoured by a high ratio IAA : Ca. 

Determinations of the true elongation reveals that the complete adaptation 
mentioned under (5) is superficial only (Figure 1). After four days the 
over-all elongation of IAA-treated roots falls very near that of the control, but 
the two lots of roots are far from identical. With IAA the elongation starts 
earlier and proceeds at a higher rate, but the final cell length resulting is 
almost normal. Some pertinent quantitative data have been estimated and 
are presented in Table 2. 

The earlier start of the elongation is easily detected by a shortening of the 
meristematic region. This is illustrated in Table 3, which also serves as an 
example of the accuracy of the determinations. 

It appears from Table 2 that during this 24-hour period the over-all root 
growth of the IAA roots exceeds that of the control by a hardly significant 


Physiol. Plant., 10, 1957 


192 HANS BURSTRÖM 


Table 2. Growth behaviour of the roots from figure 1. 


TE 


| A B 

| Parameters of growth ER 114 8 107 

| Duration of the elongation h. ........... ca. 13.5 ca. 10.5 
Duration of the rapid elongation h...... ca. 7 | Camano 
Maximal rate of elongation w/h. ........ 25 | 44 
Number of cells formed per day ........ 63 | 68 | 
Rootrelonsation RE ee 675 760 


13 per cent, whereas the true elongation of the cells is 75 per cent higher. 
This is counteracted by a much shorter duration of the elongation, which 
also implies that fewer cells are in progress of elongation simultaneously. 
The important point is that JAA exerts an action even in the adapted roots, 
which superficially do no differ significantly from the control roots. This 
result corroborates with higher accuracy earlier observations (Burström 
1942) and conclusively proves that the adaptation does not depend simply 
upon a consumption of the IAA. 

Another experiment recorded shows in detail what is happening during 
inhibition and recovery of the roots (Figure 2). 

The experiment was planned in the following way and run for 72 hours. 
The four simultaneous treatments were: — A, control plants; B, plants 
supplied with IAA 3 - 107 M for 72 hours; C, plants without IAA (=control) 
for 48 hours and with IAA 10-56 M for the following 24 hours; D, plants 
with IAA 3: 107 M for 48 hours (=B) and with IAA 106 M for the fol- 
lowing 24 hours. Readings of the rates of elongation were made after 72 
hours. For the last 24 hours A had had no IAA, B had been given low IAA 
continuously and had adapted itself as far as over-all root growth was con- 
cerned, C was control plants which had been given high IAA for the last 
24 hours only, and D were plants after 48 hours half-adapted to to low IAA 
(cf. Table 1) supplied with high IAA for the last 24 hours. 

Immediately upon the addition of high IAA to C (controls) and D (half- 
adapted roots) after 48 hours, they were strongly inhibited down to the 


Table 3. Example of the differences between the roots from Figure 2. Cell lengths at 
2.295 mm. distance from the tip. 


Treatment Cell lengths 
cf. Figure 2 u 
| 
les Pe ER RER | 87 +4 
HB. shh. REN | 145 +5 
u Geinbibiteden ER er | 84 + 4 
Gr adaplede eee re 249 +8 
DS 7 204 + 5 
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= — 
Figure 2. The cell elongation À | 
of roots inhibited by and ad- 300 


apted to IAA. Measurements 
after 72 hours. 


A. Control 

B. IAA 3-10-7 M continuously 250 
C. No addition for 48 hours, 

then IAA 106 M 

D. IAA 3 -10-7 M for 48 hours, 200 
then IAA 10-65 M 


cı indicates level of inhibition 
of roots C when IAA was added 
after 48 hours; cs level of in- 
hibition in 60 per cent of the 
roots after 72 hours; cg level of 100 = 
recovery in 40 per cent of the 

roots after 72 hours; dı imme- 

diate inhibition of roots D, 50 
when IAA was raised to 10% 

M; ds level of inhibition after 

72 hours. 


1507 


3 50 70 90 CELLS 
0 5 10 5 20 25 HOURS 


levels indicated by c, and d,, respectively, in the figure. There was no dif- 
ference in inhibition, and the two lots began to recover. At the end of the 
experiment the C roots were very irregular; some were at the level indicated 
by c, and some had recovered completely and exceeded the controls signi- 
ficantly (c,). This is not surprising; the difference in time between levels c, 
and c, does not amount to more than 2 hours, and such a difference between 
the stages of development of individual roots will certainly fall within the 
unavoidable physiological variation of the material. Roots D had recovered 
more uniformly to an average level indicated by d,. The experiment reveals 
the following indisputable facts. (1) With increasing addition of TAA the cell 
elongation always starts earlier regardless of whether the roots are inhibited 
or adapted; (2) the elongation proceeds at an increased rate as soon as the 
first inhibition is overcome; (3) the earlier onset of the elongation persists 
even after the apparent complete adaptation to a normal final cell length; 
(4) the difference between inhibited and adapted roots lies solely in the 
duration of the elongation. Generally the results agree with earlier observa- 
tions of IAA actions (Burström 1942, 1950). 


Discussion 


Rate of growth can be expressed in different ways. In the present and 
preceeding papers since 1941 it has been expressed in u over time per cell, 
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the cell regarded as an arbitrary unit followed during the progress of the 
elongation. The idea has been that this would show the change in activity 
of the growth system in a unit segment of the root. The result that elongation 
expressed in this way is always fairly constant during the main part of the 
elongation is consistent with the assumption that it takes place at least partly 
by means of intussusception. Goodwin and Avers (1956), on the contrary, 
arrive at growth rate curves with a peak early in the development and sub- 
sequently decreasing rate. However, referring to Erickson and Goddard 
(1951) they have computed ‘relative elemental growth rate’, which is w/h 
per u, or elongation of the dimension h~'. This means a growth rate in- 
dependent of the size of the growing part. This would be justified if elonga- 
tion were uniformly distributed along the root axis and newly formed 
parts — by intussusception of otherwise — acquire the same growth pro- 
perties as the initial ones. This does not hold true. It is well known that the 
elongation is unevenly localized in the cell; we have repeatedly made use 
of this property for characterizing activities of regulators such as Ca, auxins 
and coumarins, and it is mentioned also by Goodwin and Avers. If elongation 
takes place by intussusception the growth also ought to be local on a micro- 
scopic or a molecular level. Thus the physiological significance of the mathe- 
matical expression ‘relative elemental growth rate’ is not quite clear at present. 

The first problem is to ascertain whether the adaptation can be explained 
by assuming an adaptive formation of IAA-oxidase and ensuing consumption 
of both the externally supplied and some of the endogenous IAA. Such a 
mechanism is in itself technically possible and has been considered by Ball 
and Dyke (1956) as an explanation of adaptation in coleoptiles. However, 
there is a conclusive argument against such an explanation, i.e., that adapted 
roots, even if superficially resembling control roots, grow in another way. 
There is a persisting effect of IAA similar in inhibited and adapted roots, 
manifesting itself in an earlier start of the elongation and a higher rate of 
elongation of the individual cells. The inhibition depends upon a shortening 
of the duration of the elongation and the adaptation on an extension, which 
under certain conditions regularly exceeds that of the control roots. It is 
obvious, as has been emphasized previously, that the duration of the period 
of elongation is decreased by IAA and possible that it is normally regulated 
by IAA. It might then also be possible that an adaptive oxidation of IAA 
takes place only during the later stages of the elongation but not during the 
lirst phase, which shows no adaptation. This meets with the obstacle that 
Pilet and Galston (1955) have convincingly demonstrated an adaptive forma- 
lion of IAA-oxidase in the meristematic region disappearing towards the 
mature part, or exactly the opposite condition. It is extremely difficult to fit 
in the results of Pilet and Gaiston with the actual course of the adaptation. 
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Ball and Dyke (1956) have arrived at a similar conclusion. It is also difficult 
to reconcile the induction of IAA-oxidase by an isobutyric acid derivative 
with the circumstance that according to Fransson and Ingestad (1955) they 
increase the amount of free IAA. It is possible that the adaptive formation 
of IAA-oxidase does not proceed in the same way under all circumstances. 


It is obvious, on the other hand, that no induced destruction of IAA occurs 
near the meristematic region, or the first phase of the elongation would not 
be regularly enhanced by IAA. Furthermore, adapting cells are in a very 
lable condition with an extremely rapid elongation, which only subsequently 
stabilizes on a medium level. This rapid elongation may not be of the same 
nature as the normal one. It has been shown that IAA increases the tensility 
of the cell walls under a decrease in irreversible plastic fixation of the 
extended wall (cf. Burström 1957). The unusually rapid elongation under 
adaptation may be a temporary abnormal over-stretching of the walls. Such 
an assumption gains in strength in view of the fact, exemplified in Table 1 
(also Burström 1956), that the excessive growth is more pronounced with 
calcium deficiency. Ca is supposed to regulate the normal building up of the 
cell wall during the second phase of the elongation and in its absence and 
with an excess of IAA a disturbed growth is likely. The ensuing stabilization 
on a level which is near or above the controls may be seen in connexion with 
the general changes occurring during the development of the seedlings, mani- 
festing itself e.g., in a decreasing sensitivity to IAA, increasing utilization of 
or requirement of Ca (cf. Table 1), and, according to Pilet (1951), an in- 
creasing IAA content. This means a general shift to other nutrient condi- 
tions and another mode of growth (cf. Burström 1957). 

A striking feature is that in spite of the profound changes in the first phase 
of the elongation and the rate of elongation, the final cell lengths attained 
vary only siightly (Figure 2) except with severe calcium deficiency and 
immediately upon an addition of IAA. This is possibly connected with the 
capacity for osmoregulation, which may be an important factor in root 
growth (Burström 1953) as well as in coleoptile elongation (Ordin, Apple- 
white and Bonner 1956). The osmoregulation is, as far as known, independent 
of IAA; however, the capacity of osmoregulation must be a potential factor 
as well as the auxinic conditions in limiting root elongation. The adapted 
roots resemble in a way coleoptiles lacking sugars studied by Ordin et al.: 
auxin tends to increase the elongation, but growth cannot be effectuated 
owing to lack of osmotic material. In the adapted roots the tendency of auxin 
to increase elongation has been clearly demonstrated, but whether the elonga- 
tion is more or less limited by osmotic conditions cannot be decided at 


present. 
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The presented results lend further support to the thesis advocated by the 
author (Burström 1942, 1957) that IAA exerts two independent actions on 
the root cell elongation; enhancing the first phase of the elongation and 
inhibiting the second one in which the adaptation solely takes place. 


Summary 


The adaptation of roots of wheat seedlings to IAA has been studied under 
carefully controlled conditions. IAA-treated roots always show an enhanced 
first phase of the cell elongation. Inhibition depends upon a reduction of the 
period of elongation and adaptation on an extension of this time. The 
enhanced start and increased rate of elongation persist in adapted roots. 
Adaptation is promoted by high IAA and low Ca supply. 

The results are discussed in connexion with IAA oxidation and the general 
mode of action of IAA. They can hardly be reconciled with the concept of an 
adaptive formation of IAA-oxidase. The results support the view that inhibi- 
tion and promotion of the elongation by IAA are independent, locally sepa- 
rated reactions. 

Adaptation is connected with a normal shift from one mode of growth to 
another. 


The author is indebted to Miss A. Lindgren and Miss E. Persson for technical 
assistance arid to the Swedish Science Research Council for financial support. 
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The classical and for a long time fully accepted theory of cellulose decom- 
position stated that two enzymes, viz. cellulase and cellobiase, were involved 
in the process. The cellulase activity resulted in cellobiose and probably 
in some oligosaccharides built up by three, four or more anhydroglucose 
units. The product (or products) in turn was split into glucose by a ß-gluco- 
sidase, cellobiase. In recent years, however, studies of the extracellular 
cellulolysis by Myrothecium verrucaria have given some other ideas about 
the enzymes acting in the breakdown of cellulose. Whitaker maintains in a 
series of papers 1953—1956 (for references see Whitaker 1954, 1956) that 
the process is unienzymatic, and the solubilizing of native cellulose to glucose 
is ascribed to one enzyme, a cellulase. On the other hand, Koimann et al. 
(1953) have found a heat-stable cellulase, giving cellobiose and glucose, as 
well as a less heat-stable cellobiase, which hydrolyzes the cellobiose to glu- 
cose. Reese (1956) summarizes the conception of his group about a cellulo- 
lytic system of a multienzymatic cellulase in addition to a ß-glucosidase, 
cellobiase. As regards Myrothecium verrucaria, the activity of these cellulase 
components results in cellobiose — in other cases in cellobiose plus glucose. 

Cell-free culture filtrates from some Tricholoma species showed activity 
against precipitated cellulose sol, whereas any extracellular cellobiase activity 
could not be revealed at that time (Norkrans, 1950 b). However, in another 
study (Norkrans and Ränby, 1956), dealing with the activity of crude extra- 
cellular enzyme preparations from some other hymenomvcetes, some facts 
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seemed to indicate the presence of a cellobiose splitting enzyme in addition 
to the relatively heat-stable cellulolytic one. 

Considering the differing opinions about a possible separate extracellular 
B-glucosidase, it seemed interesting to look a little further into the conditions 
for the production of 6-glucoside- and cellulose-splitting enzymes in the root 
rotting fungus Polyporus annosus and into some properties of the enzymes. 


Material and General Methods 


The strain of Polyporus annosus Fr. used in this study as well as in previous 
ones (Norkrans, 1950 a, Norkrans and Ränby, 1956) was originally obtained from 
the stock culture collection of the Institute of Physiological Botany, Upsala. The 
cellulose culture medium used had the following composition: cellulose (swedish 
filterpaper Munktell no 3, chopped in a Turmix blendor) 5.0 g, NH,HsPO, 2.0 g, 
KH,PO, 0.6 g, K,HPO, 0.4 g, MgSO, : 7H,0 0.5 g, ferricitrate (dissolved in citric 
acid) 5.0 mg, ZnSO,-7H,O 4.4 mg, MnSO,-4H,O 5.0 mg, CaCl, 55.5 mg, de- 
hydrated yeast extract Difco 250 mg, and distilled water 1000 ml. pH about 5.8. 
The cultures were grown in 300 ml Erlenmeyer flasks of Pyrex glass, each con- 
taining 20 ml nutrient solution. 

In two experiments, 5 g cellobiose or 10 g glucose, respectively, substituted for 
the cellulose as carbon source in the nutrient solutions, pH 5.6. In these cases, the 
cultures were grown in 125 ml Erlenmeyer flasks of Pyrex glass, provided with 20 ml 
nutrient solution per flask. In order to avoid decomposition by auoclaving, the 
cellobiose was sterilized by filtring through a Jena glass filter “1 G 5”. 

Crude enzyme preparations of the extracellular enzymes were produced in the 
following manner: After incubation, the mycelial mats were removed from the 
cellulose cultures by centrifuging and filtring through a Jena glass filter “1 G 3” — 
in cellobiose and glucose cultures just by filtration. The filtrate was treated with 
three volumes of cold acetone, and the precipitate was dissolved in an amount of 
distilled water corresponding to 0.55 ml per culture flask. (For details see Norkrans 
and Ranby, 1956). If not otherwise stated, the enzyme preparations derive from 
cellulose cultures. 

In some cases enzyme preparations of the intracellular enzyme were made by 
grinding thoroughly washed, lyophilized mycelial material with a small volume 
1/15 M dibasic sodium phosphate in a glass homogenizer cooled with ice water. This 
suspension (pH about 5.0) was diluted with the potassium phosphate solution until 
a volume corresponding to 20 ml per culture flask giving the mycelial material. The 
extraction mixture was stored for 4 hours at +4°C and centrifuged. The super- 
natant liquid was then, treated in the same way as the above mentioned culture filtrates. 

The activity of the different preparations against a reprecipitated cellulose sol, 
containing 8 mg cellulose (DP 338) per ml was measured turbidimetrically. The 
assay media for the turbidimetrical determinations were composed per tube of 
2 ml enzyme preparation, 2 ml cellulose sol, and 6 ml mixed citrate — phosphate- 
borate buffer (Teorell and Stenhagen, 1938), pH 5.2. The tubes were shaken at 
30°C and measured at intervals of several hours. In the turbidimetrical determina- 
tions the extinction values have been expressed according to the relation 
Z=(e,—e,) X10? where (e,—e,) is the difference between the initial extinction 
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value e, and that measured during the experiment (e,). The conditions were selected 
to give an initial extinction (e,) of about 1 and the extinction values plotted as the 


thousandfold. The various e-values have been calculated from the formula log ae 


(For details concerning the sol preparation and the turbidimetrical method, see 
Norkrans 1950 b). 

In a few cases lichenin has been used as an enzyme substrate (for lichenin 
preparation, cf. Norkrans 1950 b). Some paper chromatograms were run for analysis 
of the breakdown products of the cellulose sol. Descending flow was used at 19°— 
20°C for 52 hours. Solvents: ethyl acetate — acetic acid — water 3 : 1 : 1. Developer: 
aniline hydrogen phthalate. Paper: Whatman no. 1. 


Experiments and Results 


Testing method for B-glucosidase activity. The ß-glucosidase activity was 
determined by means of the chromogenic p-nitrophenyl-B-glucoside (“6-niphe- 
gluc”, California Foundation for Biochemical Research, Los Angeles) as a 
test substrate first suggested by Aizawa (1939). The free nitrophenol gives 
a yellow colour in alkaline solution with an absorption peak at a wave length 
of 400 mu. Measurements were made in a Beckman Spectrophotometer 
Model DU, split width 0.2. 

A standard curve was constructed on solutions for p-nitrophenol of known 
concentrations covering the range up to 500 X10-7 moles per litre, giving a 

0.1 
52.00 - 10-7 

The details of the procedure for the determinations were elaborated by analogy 
to those given for ß-galactosidase tests with ß-o-nitrophenylgalactoside as a substrate 
(cf. Hestrin et al. 1955). The reaction mixture was composed of 4 ml mixed citrate- 
phosphate-borate buffer (Teorell and Stenhagen, 1938), 0.5 ml 0.011 M p-nitro- 
phenyl-ß-glucoside, and 0.5 ml enzyme. It was incubated in a water bath of 30°C for 
60 minutes. At zero time and after certain intervals, 0.5 ml samples were transferred 
to 10 ml measuring flasks, provided with 1 ml 1.0 M Na,CO,, and diluted with 
water up to the volume mark. In that manner zero-time solutions of 559.8X 1077 M 
niphegluc were obtained. Up to at least 80 per cent of total cleavage of the niphe- 
gluc present, thus, falls within the limits for the measurable range. The solutions 
were measured in the Beckman Spectrophotometer against a blank of buffer solu- 


tion. From the values thus obtained the amount of free p-nitrophenols was cal- 
culated and later on the percentage niphegluc split. 


slope of 


Figure i gives the results from experiments with two different enzyme 
preparations (no. 126 and 174) used in three or four concentrations, viz. 
0.125, 0.25, 0.5, and 1.0 ml, respectively. It is seen that the cleavage of niphe- 
gluc is directly proportional to concentration up to about 80 per cent of 
total cieavage. Under the conditions used, 0.5 ml enzyme seemed to give the 
most suitable reaction rate, thus, used as a standard in sı:;sequent experi- 
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O prep 126 15 days 
@ —"— 174 15 days 
a —"— 140 15 days 


Figure 1. B-glucosidase activity of in- 
creasing amounts of different enzyme 
preparations after incubation periods of 
varying duration (in minutes). 
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Figure 2. B-glucosidase activity of the same 
enzyme preparation (no. 126) tested at 
five different times during six months and 
after incubation periods of varying dura- 


tion (in minutes). 
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Figure 3a. ß-glucosidase activity at various pH values in a citrate-phosphate-borate buffer, 
determined after 5, 10, 15, 30, and 60 minutes, respectively. 

Figure 3b. ß-glucosidase activity at various pH values in an acetate buffer, determined 
after 5, 10, 15, 30, and 60 minutes, respectively. 


ments. Furthermore the activity values for 0.5 ml enzyme of a third pre- 
paration (no. 140) are plotted in the same Figure 1. As seen, the prepara- 
tions made at intervals of several months showed about equal activity with 
a maximum variation for 0.5 ml enzyme at 15 minutes giving a niphegluc 
split of between 40 to 47 per cent. Figure 2 shows the variation between 
test values of the same enzyme preparation (no. 126), tested at five different 
times during the course of six months. It demonstrates a very good accord- 
ance between different values, giving a maximum deviation from the average 
value of about +two per cent. 

Influence of pH: optimum and stability. The activity of B-glucosidases 
from different sources has been determined by means of the niphegluc 
method in acetate buffer at pH about 5. Emulsin has been tested at pH 5.0 
(Aizawa, 1939) and 5.25 (Nath and Rydon, 1954), Ophiostoma preparation 
at pH 5.0 (v. Hofsten, 1956), Aspergillus and Penicillium preparation at 
pH 4.8 (Takano and Miwa, 1950). The ß-glucosidase activity in preparations 
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Figure 4. B-glucosidase ac- 
tivity at pH 4 of an enzyme 
preparation treated for 14 
hours at various hydrogen 
ion concentrations (pH 
between 1.1 and 10.5). 


of Polyporus annosus (15 days) was tested in an 0.1 n acetate buffer. The 
pH values of the reaction mixture ranged between 3.3 and 5.05. The curves 
in Figure 3b show maximum velocity for the splitting of niphegluc at pH 
between 3.5 and 3.9 (the lowest values tested) reaching a hydrolysis rate of 
0.260 umoles per minute and per ml of enzyme in the reaction mixture. At 
pH about 5.0 this preparation gave only about one third of the maximum 
activity obtained. 

With the aid of a mixed citrate-phosphate-borate buffer (Teorell and Sten- 
bagen, 1938) the B-glucosidase activity was tested in a wider pH range, from 
pH 2.5 up to 7.0. The optimum range was about the same also in this buffer. 
Apparently very small action takes place at pH 2.5, 6.5, and 7.0 (see 
Figure 3 a). 

Subsequent experiments were carried out in a buffer solution of pH 4.0. 
The Teorell-Stenhagen buffer has been used but 1.8 times as concentrated 
as that described in the above mentioned original paper. 

The stability of the B-glucosidase activity at different pH values was also 
studied. Enzyme solutions, with pH values ranging from 1.1 to 10.5 were 
prepared by means of dilute hydrochloric acid and sodium hydroxide and 
allowed to stand for 14 hours at +4°C. They were then readjusted to pH 4.0 
and tested for B-glucosidase activity in the usual manner. The values obtained 
for cleavage of niphegluc (Figure 4) show that a treatment within a pH 
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range of 3.0—7.4 only slightly influences ß-glucosidase activity. Beyond 
these limits (the nearest values tested were pH 2.0 and 8.25) a more or less 
complete inactivation of the enzyme takes place. 

It seemed interesting to compare the optimum pH range for ß-glucosidase 
activity with that for cellulolytic and lichenolytic activity in the Pol. annosus- 
preparation. The later activities were expressed in terms of mg reducing 
substances formed, calculated as glucose determined according to Willstät- 
ter and Schudel. 14 ml solutions were used, containing 48 mg cellulose (cor- 
responding to 52.7 mg glucose at complete hydrolysis) and 4 ml enzyme in 
a 1/30 M phosphate buffer. The pH values ranged between 3.2 and 7.4. As can 
be seen from Figure 5, the suitable pH range here is shifted to higher pH 
values with an optimum pH of about 5.5. A cellulolytic as well as lichenolytic 
action is still measurable at pH 7.4, the highest value tested. In the following, 
cellulolytic tests were performed with a buffer of 5.0—5.5. 

Influence of dialysis. It was found earlier concerning Tricholoma pre- 
parations, that dialysis with commercial dialysing sacs made from cellulose 
derivatives, brought about a decrease of about 25 per cent in the cellulolytic 
activity (Norkrans, 1950 b). Part of the cellulolytic enzyme evidently had 
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Figure 6. B-niphegluc split after incubation periods of varying duration in an assay medium 
containing the following additions of glucose, cellobiose, or lichenin: 0, 2.5, 25, and 100 
per cent of the initial amount f-niphegluc. 


been adsorbed at the surface of the dialysing membrane, since a certain 
activity could be recovered from the membrane. Part of the decrease in 
activity may also be due to diffusion of the enzyme, or parts of the enzymes 
through the membrane. The ß-glucosidase, however, does not diffuse or 
show any appreciable adsorption at the membrane since the activity was about 
the same even after a dialysis of a 20 ml volume in a cellophane sac against 
10 litres running distilled water over-night. Thus, after an incubation time 
of 30 minutes the undialysed preparation brought about a niphegluc split 
of 45.9 per cent. The dialyzed preparations, on the other hand gave a split 
of 42.4 per cent. 

Influence of additions of different amounts of glucose, cellobiose, and 
lichenin. In addition to controls, series were set up with additions of each 
of the above mentioned three carbohydrates amounting to 2.5, 25, and 100 
per cent, respectively, of the initial amount of ß-niphegluc. 

Figure 6 illustrates a marked inhibitory effect on the niphegluc split by 
the cellobiose addition of 100 per cent, whereas smaller additions of cello- 
biose only brought about weak inhibitions. Perhaps, one expected cellobiose 
to compete more successfully with ß-niphegluc for the $-glucosidase. The 
moderate inhibition, however, probably may be ascribed to unsuitable pH 
conditions for cellobiose splitting. Inhibitions of the cellulolytic activity by 
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Figure 7. The mycelial yield in mg dry weight of eight glucose cultures of different age (in 
days) and the ß-glucosidase activity in preparations from the corresponding culture solutions 
(extracellular activity, 0 —-0) and from mycelial extracts (intracellular activity ®——e®). 


cellobiose — as well as stimulation in some cases — has been shown in 
previous works, where also references to other papers can be found (Nor- 
krans 1950 b, Reese, Gilligan, and Norkrans, 1952). 

Additions of lichenin also influence the cleavage of ßB-niphegluc to a certain 
extent. Thus, it seems reasonable to assume a certain affinity of the niphe- 
gluc-splitting enzyme even for f-glucosidic linkages in longer chains as 
those of the lichenin. Lichenin has been chosen as a representative for the 
B-glucosidic polysaccharides instead of cellulose, since lichenin did not in- 
fluence the photometric test as cellulose does. 

The production of cellulose- and niphegluc splitting enzymes by Polyporus 
annosus mycelia of varying age on different carbon sources. Some experi- 
ments were set up in order to follow the production of extra- and intracellular 
cellulose and niphegluc splitting enzymes in media with glucose or anhydri- 
des of ß-glucose linked in pairs or in chains, i.e. cellobiose and cellulose, 
respectively. The enzyme activity in mycelial extracts and in media of varying 
age was compared. 

Glucose culture: Neither the culture media nor the mycelia showed any 
cellulolytic activity, when glucose was used as a carbon source, whereas a 
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Figure 8. The mycelial yield in mg dry weight of eight cellobiose cultures of different age (in 

days) .and the cellulolytic activity (in Z-values) and ß-glucosidase activity (as per cent 

niphegluc split) in preparations from the corresponding culture solutions (extracellular 

activity 9 ——©) and from mycelial extracts (intracellular activity @-—®) after incubation 
periods of varying duration (in minutes). 


niphegluc splitting activity was found in the culture media as well as in the 
mycelial extracts (see Figure 7). Thus, a f-glucosidase exists, extracellularly 
as well as intracellularly independent of inducing ß-glucosidic linkages in the 
medium and, it would seem, in about the same proportion. — The test 
accounts, surely, for the total amount of extracellular activity, whereas the 
intracellular one, due to an uncomplete extraction, might possibly be too 
small. — By judging from the diagrams, the ß-glucosidase activity follows 
the mycelial yield approximately and increases with the total nitrogen con- 
tents of the enzyme preparations until 30 days, when the high N-value surely 
depends on autolysis occurred. (N-values: 0.40, 0.50, and 0.83 mg per ml at 
9, 15, and 30 days, respectively). 

Cellobiose culture: By using cellobiose as a carbon source, a very weak 
extracellular cellulolytic activity was obtained, as seen in Figure 8. The 
niphegluc splitting activity is divided about equally into extracellular and 
intracellular fractions except at the 21 days-test, when the bulk of the 
B-glucosidase activity was found extracellularly. The curve for mycelial dry 
weight shows a rapid fall between 18 and 21 days. Obviously, autolysis 
occurs at this time and the enzyme leaks out into the medium, whereas the 
leakage of proteolytic enzymes evidently had not reached any appreciable 
quantities as might be the case in the glucose cultures of 30 days. By a com- 
parison of the niphegluc splitting enzymes, referred to maximum mycelial 
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Table 1. A comparison between the ß-glucosidase activity in enzyme preparations from 
glucose, cellobiose, and cellulose cultures. 


| u moles -10-3 niphegluc 
| Incub.- split 
C-source | Age of |, time with À : 
in culture mycelium Enzyme enzyme le. Niphegluc In reaction |Per mg dry 
y densit 
medium | in days | S°UTC® in SUY! split |__ mixture fp Ayes GT 
| | minutes | | Tu ml enzy- mycelium 
| | otal | ne/min. Per minutes 
| Glucose 18 El 60 0.472 43.8 2,454 82 1.5 
18 i 60 0.382 35.4 "1,986 66 | 1.2 
| Cellobiose 18 E 30 0.495 | 44.8 2,510 167 4.2 
| 18 I 30 0.510 47.4 2,652 174 4.4 
Cellulose 24 E 10 0.689 64.0 3,583 LA WA = 
24 I 60 0.204 19.0 1,061 35 = 


E=Extracellular, from culture solution. 
I=Intracellular, from mycelial extract. 


1 
weight, between glucose and cellobiose cultures the production of f-glucosi- 
dase seems to be about three times as great in the cellobiose cultures as in 
the glucose cultures (cf. Table 1). 

Cellulose culture: The cellulolytic activity, presumably non existent in the 
glucose cultures and detectable only in traces in the cellobiose cultures, 
turned pretty high in the cellulose cultures. As expected, the bulk of the 
activity was found extracellularly (see Figure 9), increasing with the age of 
the cultures studied and with the N-contents of the enzyme preparations 
(0.72, 0.87, and 1.07 mg per ml after 15, 17, and 24 days, respectively). At 
15 days, traces of cellulolytic activity were found in the mycelial extracts. 
Whether this activity really derived intracellularly from the mycelium, or 
from extracellular enzymes adsorbed on the cellulose can not be definitely 
decided, since the extraction had to be carried out on the hyphae enmeshed 
in cellulose fibers. 

The Z-values give only relative values for the cellulolytic activity. Thus, 
the results from an earlier experiment is shown in Figure 10, where the 
activity has been expressed in terms of reducing substances formed, cal- 
culated as glucose, maximally amounting to one mg per ml per hour with 
cellulose as enzyme substrate, to two mg with lichenin. At that time, unfor- 
tunately, a small amount of yeast extract had been used in the culture 
medium. Since the yeast-extract content of the media is known to affect the 
cellulolytic activity (Norkrans and Aschan, 1953) this condition probably 
accounts for the decrease in enzyme production already at 21 days. A certain 
variation in the course of enzyme production however, has been noticed in 
different experiments even without changes in the composition of the culture 
medium. 
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Figure 9. The cellulolytic activity (in Z-values) and ß-glucosidase activity (as per cent 

niphegluc split) in preparations from cellulose cultures of different age (in days), extra- 

cellular activity (0 —-O) in preparations from the culture solutions, intracellular activity 

(®@——®) in preparations from mycelial extract, determined after incubation periods of 
varying duration (in minutes). 


A comparison between the amount of niphegluc splitting enzymes in 
glucose, cellobiose, and cellulose-cultures seems to show the greatest total 
production in the cellulose cultures. The main part is extracellular. A com- 
parison of the enzyme activity between cultures in relation to mycelial dry 
weight could not be given with any accuracy due to enmeshing of cellulose 
fibers with the hyphae. However, a calculation of an approximate value for 
the mycelial dry weight with the aid of some values for total-nitrogen of 
myceliuin seems to show an activity per mg mycelial weight which is three 
to four times higher in cellulose cultures than in cellobiose cultures. 

A comparison of the heat stability of the B-niphegluc- and cellulose- 
splitting activity. In testing heat stability, portions of the same enzyme pre- 
paration (Pol. ann. 126, 18 days) were kept for 20 minutes at temperatures 
ranging from 40° to 120°C and after centrifuging tested in the usual manner 
at 30°C. The results are given in Figure 11. 

No appreciable loss of activity was observed in the 40° series, whereas 
the activities in the 60° series are reduced to more than fifty per cent. After 
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an 80° treatment the ß-niphegluc splitting activity is completely nullified, 
giving the same split value after an incubation of 60 minutes as at zero time. 
The cellulolytic activity, however, still amounted to about thirty per cent 
of that of the untreated enzyme solution and all activity was not lost even 
after boiling. | 

Since it was possible that the B-niphegluc splitting enzyme could stand a 
treatment at 80°C for a shorter period than 20 minutes, portions of the same 
enzyme preparation were kept at 80° for 5, 10, and 15 minutes, respectively. 
Already after a five minutes treatment, however, the enzyme solutions were 
completely inactive against B-niphegluc. A 10, 15, or 20 minutes treatment 
left about the same cellulolytic activity behind in the enzyme solution, which, 
however, seems to be a little more active after heating for only 5 minutes 
(compare Figures 11 and 12). 

Paper chromatographic analyses for soluble breakdown products of a 
cellulose sol after incubation with an untreated enzyme preparation were 
compared with those after an incubation with an enzyme preparation, freed 
from ß-glucosidase activity by a treatment for five minutes of 80°C. The 
former showed cellobiose as well as another, slower-moving substance, 
probably cellotriose. The main component was, however, glucose. The latter, 
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Figure 11. Cellulolytic activity (in Z-values) and ß-glucosidase activity (as per cent niphe- 
gluc split) of an enzyme preparation treated for 20 minutes at different temperature (40°, 
60°, 80°, and 100°C) compared with an untreated preparation (U). 
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Figure 12. Cellulolytic activity of an en- 
zyme preparation treated at 80°C for 5, 10, 100 
and 15 minutes, respectively, compared 


with an üntreated preparation (U). 
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on the other hand, revealed cellobiose and traces only of glucose. A treat- 
ment for 20 minutes at 80°C completely destroyed the ß-glucosidase activity 
even in preparations from glucose and cellobiose cultures, in preparations 
from the culture solutions as well as from the mycelial extracts. 


Discussion 


The results presented above show that preparations from culture solutions 
as well as from mycelial extracts oi Polyporus annosus split the B-niphegluc. 
The active enzyme was produced irrespective of whether the glucose mole- 
cules in the culture medium are free or linked together with ß-glucosidic 
linkages. However, as could be expected, it was produced in greater amounts 
in cellobiose- and cellulose cultures than in glucose cultures, giving higher 
values — absolute as well as referred to mg of mycelium — for ß-niphegluc 
split. The main part of the enzyme seems to be extracellular in the cultures 
with the insoluble cellulose, whereas the ß-glucosidase activity was about 
equally divided into extracellular and intracellular portions when soluble 
carbon sources were used. Before the autolysis has set in undoubtedly, 
revealed by a decrease in mycelial weight, the extracellular enzymes are 
assumed to be released from viable calls, althoug it has not yet been experi- 
mentally shown. 

While no activity against the cellulose sol was detectable in preparations 
from the glucose cultures, it was found to a certain degree in preparations 
from cellobiose cultures and the cellulose medium highly induced the syn- 
thesis of cellulolytic enzymes. 

If one assumes only one enzyme acting in the above mentioned cases, 
neither ß-glucosidase with high affinity for B-niphegluc and a certain weak 
affinity for cellulose nor an enzyme with high affinity for cellulose and a 
weak one for ß-niphegluc, fit into the pattern obtained from the experimental 
data. Thus it seems necessary to assume two different extracellular enzymes 
involved in the cellulose breakdown, one heat-stable cellulolytic enzyme and 
one ß-glucosidase, which can be completely inactivated with a treatment for 
five minutes at 80°C. It might be that the two enzymes interfere to a certain 
extent in each others range of action in a similar manner to that found by 
Grassman and collaborators, (1933) who postulate one “polysaccharase” and 
an “oligosaccharase”, Fractionation of the enzyme preparations can only give 
definitely information about the number of extracellular enzymes involved 
in the total breakdown of cellulose. Some preliminary zone-electrophoretical 
fractionation experiments with these enzyme preparations have been per- 
formed in collaboration with Dr. Jerker Porath at the Institute of Bio- 
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chemistry, Upsala. They seem to indicate a separate niphegluc splitting com- 
ponent in addition to the component with activity against the cellulose sol. 


Summary 


1. Enzyme preparations from a pure culture of Polyporus annosus were 
tested for activity against cellulose sol, turbidimetrically, and for B-gluco- 
sidase activity with p-nitro-phenyl-ß-glucoside as a substrate. 

2. The amounts of enzyme, extracellular and intracellular, produced by 
mycelia of varying age in glucose, cellobiose, and cellulose cultures were 
followed by the abovementioned tests. 

3. The results obtained indicate besides the extracellular cellulase, which 
can stand a heat-treatment of 80° and 100°C partly, an extracellular 
B-glucosidase, completely inactivated by a treatment at 80°C, involved in 
the total breakdown of cellulose by Polyporus annosus. 


This investigation has been aided by a grant from the Swedish Natural Science 
Research Council. The author is greatly indebted to Mrs Brita Nyman for skilful 
assistance. 
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Introduction 


Evidence for the ecological significance of external secretions now exists 
for many classes of organisms. In the ecology of algae, however, the possible 
role of such substances remains little known. Various observers of the succes- 
sion of species in plankton populations have postulated a modification of the 
growth of one species by a substance liberated by the same or another 
species. Much of this scattered and generally inconclusive literature has been 
reviewed by Lucas (1947, 1955) and Lefèvre, Jakob, and Nisbet (1952). The 
best experimental evidence available concerns auto-inhibitors, as described 
in detailed studies of Chlorella vulgaris (Pratt, 1942, 1944, 1948; Pratt and 
Fong, 1940; Pratt, Oneto and Pratt, 1945; cf. however Myers, 1951), and 
less extensive work on Nitzschia palea (von Denffer, 1948) and Nostoc 
punctiforme (Harder, 1917). However none of these species are important 
in natural plankton communities. Other reports of inhibitors produced by 
algae in cultures include Levring (1945) and Rice (1954). Various unicellular 
algae (some planktonic) have been reported to produce substances affecting 
the growth of organisms other than algae; these include antibacterial sub- 
stances (e.g. Harder and Oppermann, 1953; Steemann Nielsen, 1955) and the 
exotoxin of the phytoflagellate Prymnesium parvum (Otterstrom and Stee- 
mann Nielsen, 1939; Shilo and Aschner, 1953). A number of earlier claims 
for a large-scale excretion of organic products by plankton algae have received 
little support from later work (Krogh, 1931 a, 1931 b; Myers, 1951; cf. how- 


1 Present address: Scripps Institution of Oceanography, La Jolla, California. 
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ever Allen, 1956), although the polypeptides produced by various algae 
(Fogg, 1952; Fogg and Westlake, 1955) may be of ecological significance. 

Recently the production of substances (e.g. ‘phormidine’, ‘pandorinine’) 
inhibiting algal growth has been claimed for a wide variety of freshwater 
algae (Lefévre and Jakob, 1949; Lefévre, Jakob and Nisbet, 1950, 1951, 1952; 
Lefévre and Nisbet, 1948; Lefévre, Nisbet and Jakob, 1949). However the 
evidence is almost entirely based upon qualitative observations of growth, 
usually in unstandardised natural media. No detailed quantitative study of 
the action of any inhibitor in cultures was made, and such studies — rarely 
undertaken for algae — are required for convincing evidence. 

It would appear, then, that a quantitative study of the possible interaction 
of various species in mixed cultures would be of value. The quantitative 
aspect of growth of other microorganisms in mixed cultures has been used 
as an ecological model (e.g. Gause, 1932, on yeast spp.), but the only fully 
quantitative study with unicellular algae appears to be that of Rice (1954), 
in which non-planktonic species (Chlorella vulgaris and Nitzschia frustu- 
lum) were used. Evidence was obtained for the production of inhibitors, 
but the dense populations involved render uncertain any application to 
natural populations (cf. Rice, 1954, p. 243). McVeigh and Brown (1954) have 
also described growth in mixed cultures, using Chlamydomonas and Haema- 
tococcus spp. No significant interaction between these algae was found during 
short periods (2 weeks) of growth in inorganic media, although complex 
stimulatory or inhibitory effects were recorded for growth over longer 
periods or in organic media. However, growth curves were not given, and 
usually the phases of growth involved were not distinguished. 

Growth of the diatoms Asterionella formosa Hass. and Fragilaria crotonen- 
sis Kitton in mixed cultures is described below. Both species are common 
members of the freshwater phytoplankton, often occurring in mixed popula- 
tions or showing seasonal replacement. In suitable culture media they show 
prolonged periods of exponential growth with a very small proportion 
(<1 %o) of dead cells. Attention was centred on this phase of growth; the 
lag and stationary phases were neglected. The latter may be unduly influenced 
by products from dead or dying cells, which could be involved in previous 
reports of inhibitors from old cultures. 


Methods 


Asterionella formosa and Fragilaria crotonensis were obtained in unialgal culture 
(not bacteria-free) from the lakes Loweswater and Esthwaite Water (North Eng- 
land) respectively. Clonal populations were used, excepting the Fragilaria used in 
the preliminary mixed cultures. They were grown in the medium no. 10 of Chu 
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(1941) made up in filtered Windermere lake water, modified by the use of the iron 
source (ferric citrate — citric acid) recommended by Rodhe (1948) and the addition 
of 0.5 per cent extract of Windermere mud. The culture vessels were 100 ml. ‘Pyrex’ 
glass bottles fitted with ground-glass stoppers. 


The cultures were placed upon a glass plate above an 80 W. fluorescent tube, 
and were shaken twice daily. Convection currents maintained an almost uniform 
distribution of cells within each culture. Light intensity was varied by interposing 
1 or 4 filter papers (Whatman no. 1) between the fluorescent tube and the cultures. 
Relative light intensities were measured by a selenium photo-cell, which was also 
used to check the equality of illumination between the various cultures, the latter 
being interchanged daily. The temperature of the cultures was recorded three times 
a day, but no special means was available to maintain constancy. The variations 
found (see below and pp. 219, 220) were unlikely to affect seriously a comparison of 
growth. The densities of cells in the cultures were estimated by the sedimentation 
method of Utermöhl (1931) and Lund (1949). The small volumes removed for 
counting did not appreciably alter the mean level of illumination in the cultures. 


Growth in mixed cultures at two light intensities 


A preliminary experiment was performed to test the possible modification 
of growth rate in mixed cultures under conditions of illumination favouring 
either relatively rapid or relatively slow growth. Two light intensities were 
chosen which gave relative growth rates of about 1.1 and 0.6 cell divisions 
per day respectively at the temperature involved (18+2°C). These intensities 
were in the ratio of 2.2/1, and both were sufficiently low to limit the growth 
rate (cf. Talling, 1955, fig. 7). Unialgal and mixed cultures, in duplicate, 
were set up for each intensity. Relative growth rates were estimated for each 
culture (table 1), being derived from a plot of logarithms of cell density 
against time, as recorded during the exponential growth phase. The latter 
period was about 6 days for the higher light intensity and 10 days for the 
lower intensity. The relative growth rates are expressed in cell divisions per 
day; 1 division per day is equivalent to an increase of 0.69 log. units or 
0.30 log,, units per day. 


Table 1. Relative growth rates (in cell divisions per day) of Asterionella formosa and 
Fragilaria crotonensis in unialgal and mixed cultures at two light intensities. Mean values 
are given in brackets. 

Sel a EEE EEE EE SS SS 


Species | Culture type Higher intensity | Lower intensity | 
Asterionella | Unialgal 0:91) 480012) | 0.58, 0.62 (0.60) 

| Mixed | 0.80, 1.1 (0.93) | 0.54, 0.51 (0.53) | 

Fragilaria | Unialgal 1.0, 13 (1.15) | 0.61, 0:61 (0.61) | 
| Mixed 0e LAN | 0.60, 0.56 (0.58) 
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At both light intensities the mean relative growth rates of each species 
in mixed cultures is slightly lower than the corresponding rate in unialgal 
cultures. The differences are however small and often less than the differences 
between duplicate cultures, which were unfortunately unusually large in 
this experiment. These preliminary data therefore do not show any marked 
modification of growth rate in mixed cultures, either during relatively rapid 
or relatively slow growth. 


Growth in mixed cultures with varying ratios of inocula 


In the main study of growth in mixed cultures, varying ratios of the two 
species in the inocula were used. This arrangement enabled the early 
exponential growth of one species to be followed in the presence of relatively 
large densities of the other species, from which extra-cellular products might 
arise. Since the relative growth rates of the two species are in general very 
similar (table 1, and Talling, 1955) the ratios between the algae were changed 
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Figure 1. The growth of Asterionella formosa (left) and Fragilaria crotonensis (right) in 
mixed cultures, inoculated with the various ratios of Asterionella to Fragilaria cells (A/F) 
indicated. Growth in unialgal control cultures is also shown. Population density is given 
on a logarithmic scale. The points are mean values from replicate cultures. 
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little in the subsequent exponential growth. Rice (1954) also used varying 
ratios in some inocula, but the latter were so heavy that exponential growth 
seems unlikely. 


The mixed cultures were given three types of inocula, containing ratios of 
Asterionella to Fragilaria cells of 4, 0.8, and 0.16, and with 2, 4, and 2 replicate 
cultures respectively. Unialgal cultures of Asterionella (4 replicates) and of Fragi- 
laria (3 replicates) were used as controls. The light intensity was approximately 
equal to the higher intensity of the previous experiment. The temperature unfor- 
tunately varied considerably (12—21°C), but since the variations affected all cul- 
tures, the comparison of the latter is not invalidated. 


Growth in the cultures is shown in figure 1. During the exponential growth 
phase both Asterionella and Fragilaria had essentially the same relative 
growth rates in all cultures, unialgal and mixed. This result is strong evidence 
against the action of a growth-modifying secretion in the mixed cultures. 


Growth in media with added culture filtrates 


The concentration of any extracellular product influencing growth would 
be expected to reach highest values in fairly old and densely populated cul- 
tures. Filtrates from such cultures, added to other cultures, have often been 
used in other studies of similar products in algae (e.g. Pratt and Fong, 1940) 
and other micro-organisms. They were here employed in some supplemen- 
tary experiments described below. 

Two difficulties may arise in interpreting experiments with added filtrates. 
First, the addition of filtrate will alter to some extent the concentration of 
nutrients in the culture medium. Second, filtrate from cultures that are not 
bacteria-free may contain products of bacterial origin that might influence 
algal growth. Here the highest concentration of filtrate used (25 per cent) 
would be unlikely, from the data of Lund (1949, p. 411), to alter the con- 
centrations of nutrients sufficiently to affect the relative growth rate. It was 
shown here that a 25 per cent addition of distilled water caused no modi- 
fication of the growth rate in either Asterionella or Fragilaria cultures. The 
possible influence of bacterial products, which has been reported in another 
study of mixed algal cultures (McVeigh and Brown, 1954), could not be 
excluded. The uncertainty so caused would chiefly affect positive results 
rather than the negative results described below. 

Filtrates were prepared from dense cultures of Asterionella (density 33,000 cells 
per ml.) and Fragilaria (density 37,000 cells per ml.), in which exponential growth 
had recently ended and which contained cells healthy in appearence. Cells of Asterio- 
nella were removed by a Whatman 341 filter paper, and those of Fragilaria by a 


Ford ‘sterimat’ which also removed bacteria. Filtrates from a culture of one alga 
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Figure 2. The growth of Asterionella formosa (left) and Fragilaria crotonensis (right) in 

unialgal cultures containing various additions of filtrate from dense cultures of the other 

species. Population density is given on a logarithmic scale. The points are mean values 
from replicate cultures. 


were added to newly inoculated cultures of the other in concentrations of 10 and 
20 per cent (Asterionella cultures) or 10 and 25 per cent (Fragilaria cultures), and 
the subsequent growth recorded. Normal unialgal cultures were used as controls, 
and each experimental combination was in duplicate. A higher light intensity was 
used for the Asterionella cultures, as compared with the Fragilaria, so that the 
former show the more rapid growth. The temperature range was 14 42°C. 


The growth curves of cultures with added filtrate (figure 2) show no 
marked modification as compared with the normal controls. The same result 
was obtained in another experiment in which 25 per cent Asterionella filtrate 
was added to Asterionella cultures. There is, therefore, as in the previous 
experiments, no indication of the extracellular production of growth-modi- 
fying substances in the culture medium. 


Discussion 


None of these experiments provide evidence for an extracellular produc- 
tion of growth-regulating substances by the two species concerned. They do 
noi afford proof that such substances may not be effective in the dissimilar 
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conditions of the lake environment, but this possibility appears unlikely, 
particularly if growth inhibition were involved. It is noteworthy that the 
population densities reached in the cultures were much higher than those 
normally found in nature. 


A production of self-inhibiting substance by Asterionella has been sug- 
gested by Lefévre et al. (1952, pp. 174—5) to explain the limitation of 
maxima in some natural populations, which has been accounted for by Lund 
(1950) in terms of silica depletion. The possibility appears very unlikely in 
view of the data of Lund (1950), and moreover it seems that the suggestion 
was made without adequate knowledge of the relevant evidence. Further 
indications of an inhibitor from Asterionella, cited by Rice (1954), were not 
confirmed in later work by Lund (1949). The differences often recorded in 
the periodicities and natural distribution of Asterionella and Fragilaria would 
appear unrelated to an interaction between these species due to external 
inhibitors. Since the relative growth rates in cultures and light relations of 
these two diatoms seem very similar (p. 218, and Talling, 1955, p. 339), the 
ecological differences are most likely to arise from differences in nutrient 
requirements. 

It may be doubted whether any example of the interaction between algae 
in plankton communities, due to extracellular secretions, has been clearly 
established. Many earlier suggestions (e.g. Akehurst, 1931) were based only 
upon observations of succession in natural populations. Recently several 
experimental studies have been made, but the evidence is not yet conclusive. 
Thus extensive claims have been made by Lefèvre et al. for the ecological 
importance of such secretions, but require more support from quantitative 
studies of growth in standardised media (p. 216). A new field of enquiry is 
opened by the demonstration that polypeptides, capable of complex forma- 
tion, are liberated by blue-green and other algae (Fogg, 1952; Fogg and 
Westlake, 1955), alhtough an ecological significance is as yet unproven. 


Summary 


The growth of two freshwater plankton diatoms, Asterionella formosa 
and Fragilaria crotonensis, is described from mixed cultures and in media 
containing culture filtrates. No evidence was found for a production by either 
species of extracellular substances effective in modifying the growth of the 
oiher. The evidence for the production by algae of such substances is briefly 
reviewed, and it is concluded that there is no firmly established example of 
their operation within natural populations of phytoplankton, 
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Le nombre des travaux consacrés à la destruction enzymatique de l'acide 
indoleacétique (IAA) s'accroît rapidement. Mais si l’accord semble se faire 
au sujet de l'intervention d’une réaction peroxydative lors de la phase finale 
de la destruction de l’hétéroauxine (1, 2, 3, 4) la confusion règne par contre 
quant au rôle dévolu aux métaux oxydo-réductibles dans l’activité de l'acide 
indoleacétique-oxydase (IAA-oxydase). De leurs recherches inaugurales, 
Tang et Bonner (5) avaient conclu à la participation du fer à la constitution 
du composant métalloprotéique de l'IAA-oxydase. Par contre, dans un travail 
un peu méconnu, Wagenknecht et Burris (6) attribuent ce rôle au cuivre. 
Enfin, les recherches récentes font jouer au manganèse un rôle encore con- 
troversé, stimulant pour les uns (7, 8, 9), inhibiteur (10, 1) ou indifférent (6) 
pour les autres. Hillman et Galston (11) viennent en outre de montrer que 
l’action du Mn est fonction de la teneur des extraits végétaux en dichlorophénol 
remplacant nn cofacteur phénolique naturel. 

Le peu d'intérêt porte jusqu'ici à la participation du Cu à la destruction 
de PIAA a de quoi surprendre quant on songe au rôle universel joué par cet 
élément éminemment oxydo-réductible dans les multiples réactions d’oxyda- 
tions enzymatiques (12). On sait déjà que les ions Cu*? peuvent agir à la fois 
comme oxydases et comme peroxydases (13, 14, 15). Von Witsch (16) a 
observé qu'une solution d'IAA s’oxyde progressivement en présence de 
Cu(NO;)2. Enfin, à la suite des travaux de Shibata (17) et de Baudisch (18) 
sur les complexes azotés du cuivre, notre collègue le Dr. E. Pongratz, a pu 
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démontrer que divers agents chimiques capables de former des complexes 
d’addition (ou d’interposition) avec les ions Cu*?, à savoir la pyridine, 
l'iminazole, les bases puriques et pyrimidiques, etc., renforcent considérable- 
ment le pouvoir catalytique d’oxydation du cuivre (19, 20). Selon Pongratz, 
la vitesse de la vibration de valence Cu*?/Cu*! est accrue par la liaison de 
coordination, avec augmentation concomitante du potentiel rédox. De tels 
complexes peuvent être assimilés à des modèles d’enzymes cupriques (19). 

Le fait que les travaux de notre collègue n’ont pas reçu l’attention qu'ils 
méritaient et les données contradictoires citées plus haut sur la constitution 
de la composante métalloprotéique de l'IAA-oxydase, nous ont engagé à 
étudier l’action oxydasique et peroxydasique des sels de Cu et de leur com- 
plexe d’addition le plus actif, le complexe Cu-pyridine, sur l’heteroauxine. 


Méthodes 


Chaque mélange de réaction comprend (selon l’ordre d'introduction dans 
l’éprouvette) : 


(a) 0,5 ml IAA 10”? M (concentration finale, 2,5 - 10-* M); 1,3 ml tampon 
phosphates M/15 (Sürensen), pH 6,4. 

(b) 0,1 ml H,O, (10 °%o); 

(c) 0,05 ml solution CuSO, : 5H,0 10°? M (concentration finale: 30 ug 
Cure) ; 

(d) 0,05 ml pyridine (puriss.). 


Dans les diverses combinaisons étudiées, b, c et d sont successivement 
remplacés par les mêmes volumes d’H,O distillée. 

Le réactif de Salkowski-Tang selon Yamaki et Nakamura (21), a permis de 
suivre le marche des processus d’oxydation grâce à la coloration rose qu'il 
donne avec l'IAA. 

Les opérations sont conduites à l’abri de la lumière directe, à la tempéra- 
ture du laboratoire (env. 20° C). 

Naturellement, tout le material de verrerie est préalablement lavé au 
mélange sulfochromique et soigneusement rincé à l’eau courante puis à l’eau 
distillée. 

Les ions Cu‘? sont fournis par une solution aqueuse de CuSO, : 5H,0 
puriss. (Siegfrid AG.). 


Résultats 


Nous trouvons qu'en l'absence de peroxyde d'hydrogène, la solution 
[4 se 2 + + 
témoin (a) ne s’oxyde que lentement en présence d'ions Cu (c), un peu 
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plus rapidement en présence du complexe Cu-pyridine (c+d). D'où la néces- 
sité d’incorporer au système oxydant de l'H,0, (libérée lors de la phase 
peroxygénique d'action de l’IAA-oxydase naturelle (1, 3, 22). 

Voici alors les résultats obtenus: 


Mélange de réaction Réaction de Salkowski! après | 
| 2 min. 60 min. 
| Témoin (Aa) rer er ie ceci Et ota | ++++ ++++ 
| (a) +HeOe (b) ............................... PET EE 
| (a) +H202+ Cu (c) ME Sib re renier le aire eee ete +++ ++ | 
| (a)+H302+Cu**+pyridine (d) ............... 0 0 


1 4— + +++ =degres d'intensité de la coloration rose; 0 —absence de coloration rose 
(teinte jaunätre päle). 

Il était ensuite intéressant de comparer l’action peroxydasique du Cu à 
celle, éventuelle, du Mn (MnCl, : 4H,0, 10-2 M) et du Fe (FeCl:, 10°? M, 
effet catalasique selon (20)). 

Voici les résultats (avec 0,05 ml de solution du catalyseur métallique) : 


Mélange réactif Réaction de Salkowski après 5 min. 
| (a) + H202 + Cut* See ele den ee se SU IS MS NE +++ 
| Guss DYTIAINE ee Me ee cie 0 
| (a) + H202+ Mn** Sarnia Ze etrele ion ee ve tere + +++ 
Mn pyridine. a. see aa + +++ 
(a SOS RER RE A Or os +++ 
Hak @rt Vote DYTIGIME! ee wa 8) ence onal ee +++ 


Il restait à étudier l'effet des inhibiteurs de l'oxydation de PIAA. Comme 
il fallait s’y attendre, les inhibiteurs classiques de l’oxydation cuprique 
(«chelating agents») bloquent la réaction. Signalons surtout les composés 
sulfhydrilés, la L-cysteine à 10”? M en particulier, lesquels, à l'instar de leur 
action sur la peroxydase naturelle (23), inhibent efficacement la peroxydase 
artificielle. Le citrate du tampon de Mc Ilwaine bloque aussi l’action cataly- 
tique du cuivre. D’autres oxyacides la freinent également. Quant à l'acide 
ascorbique, son action n'a pu être éclaircie, ce composé perturbant directe- 
ment la réaction de Salkowski avec la solution témoin (a). 


Discussion 


Le complexe Cu-pyridine, chimiquement une Cu-dipyridine selon la for- 
mule: 
Es Sr leas 
AR 


Cus ar 
“x? 
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oxyde l’acide indoleacétique «in vitro», presque instantanément en pré- 
sence de H,O,, plus lentement en présence d’O, seul. II se comporte donc 
comme un modèle de peroxydase plutôt que d’oxydase. Mais, comme Pon- 
gratz l’a déjà fait remarquer (20), l'effet peroxydasique des complexes cupri- 
ques chevauche souvent sur leur effet simplement oxydasique, l'H,0, ne 
faisant qu’accroitre la vitesse d’oxydation. 


D’autres complexes cupriques, présentant aussi une double ou une qua- 
druple valence de coordination entre Vion Cu*? et les atomes d’N, oxydent 
rapidement I’IAA en présence de H,0.. C’est le cas du complexe Cu-iminazole 
par exemple. Le complexe Cu-uracile s’est montré moins actif. Par contre, 
les composés liant le Cu par électrovalence (cas des oxyacides tels que 
citrate, tartrate) freinent ou inhibent complètement l'oxydation. Les corps 
sulfhydrilés (—SH) comme la cystéine doivent probablement aussi leur 
pouvoir inhibiteur à leur propriété de former avec le Cu des complexes inter- 
nes (24). Signalons enfin que VIAA est elle-même capable de complexer le 
cuivre (25). Dans ce dernier cas, il faut donc admettre, au vu de nos résultats, 
que suffisamment d'ions Cu‘? restent libres et activables par la pyridine 
pour catalyser l’oxydation du substrat IAA. Le produit d’oxydation de l’'IAA, 
vraisemblablement dépourvu du groupe salifiable —COOH, peut alors activer 
le Cu (par liaison coordinative sur le = NH indolique par ex.), ce qui entraîne 
l'oxydation d’une nouvelle fraction de PIAA initiale, génératrice de nouveaux 
noyaux indoliques activateurs. On peut ainsi imaginer une sorte de réaction 
en chaîne capable d'éclairer le problème récemment posé de l’induction d’une 
activité IAA-oxydasique accrue par l’'IAA elle-même (26, 27). 

L'état de réactivité exaltée conféré à l’ion Cu‘? par des molécules activan- 
tes (co-catalyseurs) aussi largement répandues dans les tissus végétaux que 
le noyau pyridinique (nicotinamide, etc.) et le noyau iminazolique (histidine, 
etc.) implique nécessairement une participation du Cu aux processus de 
l'oxydation biologique de l'IAA dans les tissus bénéficiant d’un équilibre 
favorable entre les activateurs et les inhibiteurs (agents chélatants, anti- 
oxydants). 

Nos résultats nous autorisent donc à penser, à la suite de Wagenknecht 
et Burris (6), que le Cu est un constituant essentiel de la composante métallo- 
protéique à activité peroxydasique de l'IAA-oxydase. Des travaux récents 
concluent aussi à une participation du Cu à l’activité IAA-oxydasique. Fäh- 
raeus (28) vient de montrer que l'IAA est oxydée par la laccase — une en- 
zyme cuprique (29) — produite par le Polyporus versicolor en réponse adap- 
tative à l’addition d’heteroauxine au milieu de culture. Le même auteur 
pense que l’«IAA-oxydase» produite par Omphalia est très voisine de la 
laccase du Polypore. Signalons aussi que Newcomb (30) a observé une forte 
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formation adaptative d'acide ascorbique-oxydase (enzyme cuprique, 31) en 
réponse à l'addition d’IAA à ses cultures de tissus de tabac et que Morel (32) 
a montré que l’activité peroxydasique des tissus normaux d’artichaut est 
également stimulée par l'IAA. 

En terminant, suggérons avec Pongratz (19) que les molécules activatrices 
pourraient jouer le rôle de lien entre le cuivre et la molécule protéinique des 
enzymes naturels (ex.: Cu ‘?-histidine-protéine ou Cu‘?-nicotinamide nucléo- 
protéinique). 


Summary 


IAA is readily destroyed in vitro by labile complexes of copper ions with 
nitrogen bases such as pyridine or iminazole. 

The complex [Cu :::: dipyridine] *? exhibits a faint oxidase activity but 
behaves as a very active non protein model of peroxidase. 

Association of Mn*? with pyridine is ineffective and Fe*? with pyridine 
has only a low peroxidase activity (catalase-like destruction of Hs0O,). 


Sulfhydryl compounds such as cysteine are strong inhibitors of the Cu- 
pyridine “IAA-oxidase”. Other chelating agents such as citrate are also 
effective inhibitors. 


These facts point to an important function of Cu in the biological destruc-- 
tion of IAA, likely by a participation of Cu to the constitution of the metallo- 
protein component of the IAA-oxidase system. 


Nous remercions le Fonds National Suisse de la Recherche Scientifique de son 
appui financier. 
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It is well known that the orthogeotropic reaction of roots is positive, but 
according to Lundegärdh (15, 16) a counter-reaction to the positive bending 
also takes place. He was able to demonstrate the existence of this reaction 
by using higher stimulating intensities than gravity. Normally it is covered 
by the positive reaction, but at higher centrifugal forces it could be mani- 
fested as a decrease of the final orthotropic positive curvature. The inter- 
pretation of the activity curve, (Wirkungskurve in German literature) has 
been the subject of close discussions (Rawitscher 20, Lundegärdh 15, 16). 
The first part of the normal curve is about rectilinear, which imports that 
the magnitude of the reaction is proportional to the quantity of the stimulus. 
Later on the velocity of the reaction is decreased, which is manifested as a 
flattening of the activity curve. This flattening is differently interpreted by 
Lundegärdh and Rawitscher. Lundegärdh has suggested, that it is caused 
by a counter-reaction or a negative reaction, which as mentioned above, he 
found visible at higher stimulating intensities than 1 g. On the other hand, 
Rawitscher considers this flattening to be well explained by the quantity-of- 
stimulus law, the law of sines and probably the Weber law. Therefore there 
is no reason for suggesting that a negative reaction really exists, and he 
regards the experiments of Lundegärdh as not quite convincing. However 
the author obtained results in experiments with flax roots, that can only be 
understood if the negative reaction of Lundegärdh really takes place (21). 
The length of the reaction time of the geotropic reaction of the flax roots 
was shown to be dependent on the method of determination. If the roots 
are returned to the normal vertical position after the end of the presenta- 
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tion time, a reaction time is obtained, which is shorter than that determined 
when the roots are kept in the horizontally stimulated position all the time. 
This means that the roots are exposed to gravity continuously. This result 
could be explained very well by the assumption that a negative reaction 
exists, which has a longer presentation time than the positive reaction. In 
the experiments of the author the negative reaction become evident when 
the positive one was retarded with indole-3-acetic acid (IAA). In the experi- 
ments of Lundegärdh it appeared when the positive reaction was increased 
by means of high stimulating forces. 

In the earlier mentioned paper of the author (21) some experiments were 
undertaken with wheat roots, which gave rise to the suggestion that the 
negative reaction was more pronounced in wheat roots than it was in the 
flax roots. Thus it could be expected that a more comprehensive study of 
the negative reaction could be undertaken with wheat roots, and therefore 
experiments were started with this material. 


Methods 


All experiments in this investigation have been performed with wheat roots (Wei- 
bulls Eroica wheat). The methods of cultivation have been earlier described (21) 
and will be only briefly mentioned here. The seeds were soaked in distilled water 
for one night and then they were sown on wet filter paper in Petri dishes. The 
dishes were placed in a chamber with constant temperature (25°C +1°) for about 
36 hours. After that the seedlings were planted in small glass tubes, which were 
placed in a holder of perspex and allowed to grow in a nutrient solution for one 
night. The solution had the same temperature as the experiments (15°C) and was 
contained in a shallow dish, which was covered by the perspex holders (figure 1). The 
dishes were placed in a chamber with constant temperature (15°C +1°). On the 
following morning the roots had a length of about 20—25 mm, and straight roots 
of uniform length were selected for the experiments. These roots were placed into 
other holders of perspex, containing nine roots each. The arrangement can be seen 
in figures 3 and 4. As the seedlings were planted in small glass tubes the transport 
could be undertaken without touching the roots. In this manner occasional hapto- 
or traumatotropic curvatures were avoided. The experiments were photographically 
recorded, and therefore roots which obviously had been injured during the mani- 
pulations could be discarded in reading the results. 

When an experiment was started, the perspex holders with the seedlings were 
immersed into a water solution, contained in vessels of perspex, The vessels were 
placed before a sheet of white glass, which was lightened from the other side. Thus 
it was possible to photograph the roots against a light background. The light was 
turned on only at the exposures, and the lamp and the camera were coupled to a 
elockwork, which automatically performed the exposures. The camera was a Robot 
Star, in which film transport is carried out by a spring. 

Special experiments were performed to decide whether the orientation of the roots 
during the stimulation in horizontal position had an influence on the course of the 
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Figure 1. Arrangement for culti- 
vating wheat seedlings for the ex- 
periments. 


reaction. Thus the seedlings were placed in different positions with the coleoptiles 
pointing upwards, downwards or to one side during the experiment. No different 
mode of reaction and no difference in the reaction time could be recorded. The 
conclusion was drawn that the roots are not dorsiventral but physiologically radial. 

During the whole experiment the seedlings were immersed into a water solution. 
As to the roots, it may be suggested that they are grown under more natural condi- 
tions than when the experiments are performed in moist air, because we must 
imagine that the roots in the soil are always surrounded by a water film. In moist 
air there is always the risk of a drying or a varying supply of water to the whole 
root. On the other hand, the coleoptiles are exposed to unnatural conditions in 
the present method. This trouble was counteracted by bubbling a mixture of 50 per 
cent oxygen and 50 per cent nitrogen through the solutions during the experiments. 
The best method for this aeration proved to be the placing of the gas stream at the 
shoot end of the seedlings. In this case the growth and the curvature of the roots 
was more uniform than it was if the aeration was placed at the root end of the 
seedlings. The phenomenon is very interesting but has not been further investigated, 
and therefore it cannot be explained. 


Environmental factors 


The standard solution used for the experiments had the following composition: 
Ca(NO,), 103 M, KNO, 105 M, MgSO, 5X 10°? M, Fe-citrate 105 M and phosphate 
buffer 10 3 M. The experiments were performed in a constant temperature chamber 
at 15°C. The sowing, planting and other manipulations were undertaken in light, 
but the experiments were left in darkness. As the reactions were photographically 
recorded, light was turned on at the exposures. The light intensity was about 250 
Lux and, as the lamps and the camera were synchronously connected to a clock- 
work which gave the impulses to the exposures, the period of light did not exceed 
one second. No effect of the light could be established. 


Measurement of the curvatures 


The curvatures of the roots have been measured directly on the photographic 
negatives by means of a microscope with a magnification of 36 diameters. As the 
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pictures were in a reduced scale the true magnification of the roots was 2.5 dia- 
meters at the readings. The ocular of the microscope was fixed to a circular scale 
divided into degrees, and a pointer was attached io the tube. Thus the scale was 
rotated together with the ocular and the pointer was stationary. The film negative 
was placed in the object holder of the microscope, and by means of the movable 
stage it could be suitably adjusted. In this manner the curvature could be measured 
with an accuracy of one degree, but in routine work repeated measurements could 
give a difference of up to 3—4 degrees. Therefore the curvatures are assigned with 
an accuracy of 5 degrees only. In doubtful cases the scale was adjusted to the two 
nearest numbers of five and the most coincident position was chosen. 


Measurements of the longitudinal growth 


The growth of the roots can be measured on the negatives also. This method, 
however, is not quite free from objections. The figures obtained may be too low, 
because the roots are not always growing in the plane parallel to the plane of the 
camera. Therefore only the projections of the roots in this plane are recorded on 
the film. The possibility of a mistake in interpreting the results of the growth 
measurements will be discussed in the proper case. In the measurements the pictures 
were projected on a screen in a magnification of about 10 diameters. The roots 
were measured with an accuracy of one mm. 

During the experiments the camera was placed at a distance of 60—65 cm from 
the vessels containing the investigated roots. For the most part four vessels were 
used in every experiment and, as the vessels were 7 cm. wide, the outer edge of 
the outmost vessel was situated about 15 cm. from the point where the axis of the 
objective of the camera intersects the plane of the vessels. To decide whether the dis- 
tortion due to the camera was of any importance for the length of the roots in the 
picture, measurements have been undertaken on the pictures of the vessels. The 
measurements were carried out after projection of the pictures on the screen in 
the same manner as in the measurements of the roots. No difference in the width 
of the outmost vessels and the more central ones could be established by the method 
of measurements used. Therefore the distortion due to the camera was neglected. 

Another source of error is the fact that the water, the wall of the vessel and the 
air have different indices of refraction. It can be calculated that the length of the 
roots must be somewhat reduced in the picture compared to the real length. 
Assuming the extremely unfavourable instance, the reduction can be calculated to 
be 0.50—0.75 mm. under the conditions employed in the measurements, which 
implies an error of less than one per cent. The measurements were undertaken with 
an accuracy of one mm. and therefore the error can be neglected. 


Results 


The normal course of the geotropic reaction of roots has been recorded 
mainly in orthotropic organs and as far as the writer has found only in 
roots, which have been kept in moist air. The author has earlier performed 
some investigations with flax roots and from the films used for these experiments 
a time curve of the reaction has been determined (figure 2). The experiments 
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Figure 2. Time curve of the geotropic reac- 
tion of flax roots. Every curve shows the 
development of the curvature of one root. 


1 2 3 4 
HOURS 


were carried out in water solutions. The geotropic reaction of flax roots 
proceeds rather uniformly during the four hours the recording was under- 
taken. After this time the curvature is practically completed. The flax curve 
is, however, not a real activity curve. In an activity curve the curvature is 
plotted against the quantity of the stimulus. In the present case the curva- 
ture is plotted against time. As the roots are curving downwards, the intensity 
of the stimulus must be reduced according to the law of sines, and therefore 
there is no rectilinear connection between the quantity of the stimulus and 
the time. A true activity curve can only be recorded if the roots are rotated 
on a clinostate after the stimulation. Therefore the curves of the writer are 
not activity curves in a strict sense, but they show the time course of the reac- 
tion and will in the following be called time curves. 

The curve of the flax roots is of the type which is commonly found in the 
literature to be valid for roots. In the case of wheat roots it is of quite 
another shape. The series of pictures in figures 3 and 4 show the different 
stages in the reaction. The curves in figures 5 and 6 have been drawn on 
the basis of measurements of the curvatures of the same roots, and every 
curve gives the time course of the reaction for one root. During the experi- 
ments of the author, the geotropic behavior has been recorded for about 
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Figure 3. The course of the geotropic reaction of wheat roots. The figures give the time 

in minutes from the start of the geotropic stimulus. The experiment is performed at 15°C 

and at an original pH value of 4.8. For further explanations see the text. (In this experi- 

ment the exposures were made manually which explains the uneven time intervals between 
the pictures.) 


10,000 roots and the pictures are representative of this material. The roots 
which are photographed in figure 3 have curved in a solution with the 
original pH value 4.8. Only primary phosphate was used for this solution. 
In such experiments the original pH was 4.8—4.9, and during the experiment 
a shift could be recorded. In experiments performed at 15°C the final pH, 
which was measured after about 24 hours, was 5.0—5.2. After 12 hours no 
shift was found. The roots, which are shown in figure 4 have reacted in 
pH 6.6. In solutions with this pH value no shift could be recorded. The 
pH measurements have been performed by means of a Radiometer pH-meter 
with glass electrode and with an accuracy of 0.1 unit. 
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Figure 4. The course of the geotropic reaction of wheat roots at pH 6.6. For other data 
see figure 3. 


It is evident from the series of pictures and from the curves that the first 
stages of the bending are about the same in both solutions. In this experiment 
the reactions start earlier in the solution with the higher pH-value, but in 
other experiments no significant difference has been obtained. This will be 
further dealt with in a later paper. After two hours all the roots have 
positively curved tips. The subsequent progress of the reactions, however, 
varies greatly. At the lower pH value, which in the following will be named 
pH 5, the roots are straightened after 3 hours. As a bending proceeds along 
a root, the tip is more and more declined, since the geotropicai perception is 
mainiy localized to the tip (19), the stimulation intensity is gradually 
decreased according to the law of sines. When the straightening sets in the 
tip is again elevated, and therefore the stimulation must be increased again. 
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Figure 5. Time curves of the geotropic reaction of the roots in figure 3. 


Thus a new reaction will be induced. Such reactions appear in the pictures, 
showing the state at four and five hours. Even this bending is straightened 
in the course of time. At about eight hours quite a new phase of the reaction 
sets in. À negative curvature appears, which takes place more distantly from 
the apex than the foregoing positive and negative ones and is localized to 
the first part of the stretching zone. The reaction is well illustrated in the 
picture, showing the situation after 520 minutes. The new elevation of the 
root tip again gives rise to an increased stimulus, which may be the reason 
of the later entering positive curvature. During the course of the reaction, 
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Figure 6. Time curves of the geotropic reaction of the roots in figure 4. 
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Figure 7. Longitudinal growth 
of the roots in figure 3. 


bo SG Be (Gr ee Paz 
HOURS 


the first positive bending has advanced to the end of the extension zone; in 
the last pictures it can be detected at the distal end of the curving parts of 
the roots. Even the negative bending, which started after about eight hours, is 
maintained in the last picture. As far as the position of the two negative 
bendings can be localized by means of microscopic measurements, they take 
place in the same part of the root. That means that the same group of cells, 
which are in the apex at the start of the geotropical stimulus and give rise 
to the first negative reaction, have advanced to the first part of the extension 
zone when the second negative curvature takes place and now give rise to 
this reaction. 

At pH 6.6 the reaction follows essentially the same course. The first stages 
of the bending are probably identical, while there is a very distinct dif- 
ference in the situation after three hours. The first negative bending which 
was straightening the roots at pH is much weaker, and therefore the curva- 
ture continues at fairly constant velocity until the second curvature starts. 
This is also less pronounced than it was at pH 5 and is not great enough 
to elevate the tip to the horizontal position. However it can be seen in the 
pictures as a straightening of the apical part of the curving zone. 

The end result is that at the higher pH value the roots are positively curved, 
but at the lower pH they grow practically horizontally. The reason for this 
seems to be that the positive reaction is counteraced by two negative curva- 
tures, and these are much more pronounced at the lower pH value than they 
are at the higher. The positive bending can only be detected as a slight 
curvature in the distal part of the stretching zone when the reaction has 
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Figure 8. Longitudinal growth 
of the roots in figure 4. 
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taken place at pH 5, while it is rather uniform along the whole of the 
reacting part of the root at pH 6.6. 

The growth of the roots has been determined and is plotted against time 
in figures 7 and 8. As has been earlier mentioned, these measurements are 
not quite free from objection, but the curve illustrating the growth of the 
roots at pH 5 shows a well established decrease of the growth at about seven 
hours. A negative curvature could be recorded in the picture showing the 
situation 520 minutes after the beginning of the geotropic stimulus. A curva- 
ture must always be connected with a change in the growth and must be 
due to a decrease in the growth on the concave side compared to the normal 
growth, or to an increase on the convex side or to both these factors. Only if 
the decrease exceeds the increase will the total growth be diminished. In 
this case the growth measurements clearly point to a decreased growth on 
the upper side. Whether there is an increase on the lower side cannot be 
established, but a possible conclusion is that the curvature is not due to an 
increase on the lower side only. Consequently the negative geotropic reac- 
tion of the roots, appearing after about seven to eight hours, is connected 
with a decreased growth on the upper side. At pH 6.6 the decrease can also 
be traced, but here it is much less pronounced. The negative reaction was 
weaker at this pH value, and therefore the course of the growth at pH 6.6 
confirms the interpretation that the decrease of the growth is caused by the 
negative reaction. 

From the curves it can also be seen that the growth of the roots of pH 6.6 
is less than the growth at pH 5. The reason for this may be that the positive 
reaction is also connected with a decreased growth. It can hardly be decided 
from growth measurements of the above-mentioned type whether this really 
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Table i. Length in u of the epidermis cells on the concave and the convex sides 
of geotropically curved wheat roots. 
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Root no. Convex side Concave side Normal 
1 250 + 25 | 165 + 6 260 + 10 
2 300 + 17 | 210 + 17 310 + 14 
3 260 + 14 | 175 +17 185 + 14 
4 260 + 10 | 190+ 7 275 + 10 
5 300 + 12 | 230 + 8 300 + 8 


is the case. However, there is also another possibility of solving the problem. 
Burstrôm (3) has elaborated a method of measuring the epidermal cells of 
wheat roots and shown that their length in the parts of the root where the 
elongation process is completed can be used as a measure of the total exten- 
sion. This method has been employed for determining whether the geotropic 
reaction is connected with an increased growth on the upper side or with 
a decreased growth on the lower side. Of course, there must be longer cells 
on the convex side and shorter cells on the concave side and a gradual change 
between the extreme sizes. Therefore the number of cells which can be used 
for measurements is rather low, and the statistical calculations give a low 
significance. Furthermore, the method can be used only for curvatures which 
remain after the completion of the stretching process and are comparatively 
sharp. Consequently only the curvatures obtained at the higher pH value 
are utilizable for the measurements. Finally, the measurements must be 
undertaken in the distal part of the curvature. Only in this part the curvature 
is not influenced by the negative reactions. The reason is that the negative 
reaction is not extended backwards in the root, which is the case with the 
positive one. The results of the determinations are shown in table 1. Com- 
parisons were made with cells which lay behind the curvature of the same 
root. An evident indication that the bending is a result mainly of a decreased 
growth of the lower side can be found in the figures. The result is well in 
accordance with the measurements of the growth of intact roots at pH 6.6, 
which showed a decreased growth when tl. roots curved. Hence it seems 
possible to conclude that the positive curvature is also connected with a 
decrease in the total growth. However it should be emphasized that the result 
is valid only for wheat roots and only under the given experimental con- 


ditions. 


Discussion 


According to the auxin theory the different growth of the upper and the 
lower sides of a root is caused by an unequal distribution of auxin. In a root 
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there is normally a supra-optimal auxin content, and therefore an increase 
in the lower parts will cause a decreased growth. This theory is mainly 
based upon the experiments of Cholodny (5), who has shown that a sub- 
stance is secreted from the root tip and that the presence of this substance 
makes it possible for the root to perform geotropic reactions. He could also 
show that the same substance is active in Avena coleoptiles and in roots of 
maize. The conception of the transport of the substance backwards from 
the root tip is confirmed by the experiments of Kebble and Nelson (10). By 
inserting small mica plates transversely halfway through the root at dif- 
ferent distances from the tip, they were able to demonstrate that a mica 
plate placed between the root tip and the stretching zone caused a curvature 
away from the inserted side, while a curvature in the opposite direction took 
place if the insertion was behind the elongation region. 

The unequal distribution of auxin is experimentally well proved by 
Hawker (9) and Boysen-Jensen (1) by collecting the growth substance, 
secreted from the upper side and the lower side of geotropically stimulated 
roots, in agar and testing on Avena coleoptiles. Finally, the theory that the 
auxin content is supra-optimal in the root has recently been discussed by 
Larsen (13). In all experiments referred to in his paper, the immediate effect 
of externally added auxin upon the total growth is always inhibitory. How- 
ever it should be mentioned that Burstrôm (4) has found that the first phase 
of the elongation process of wheat roots is stimulated by IAA. Simultaneously 
the second phase is inhibited by the auxin, and this effect masks the stimula- 
tion of the first phase. Therefore the effect on the total growth is inhibitory. 

It is a question of great importance to find the character of the negative 
reaction of the wheat roots. Phenomena of this kind have often been 
described and were originally interpreted as autotropic, which implies that 
the reactions were called forth by the positive curvature. The term auto- 
tropism is vitalistic; but attempts have been made to explain the phenomenon 
on the basis of the auxin theory. Söding (24) emphasizes that, as the elasticity 
of the cell wall is increased by auxin, the turgor tension of the lower side 
with its higher content of auxin must be higher than that of the upper side. 
When the auxin gradient is gradually levelled in the later stages of the 
bending, the lower side must shrink a little and the upper side must be 
extended at the same time. In this way a straightening will occur. This 
explanation may be valid for shoots, but it cannot be applied to roots. 
According to Burstrôm (4), auxin increases the elasticity of the cell walls of 
wheat roots, and therefore a more pronounced curvature should be expected 
as the consequence of the levelling of the auxin gradient. Another point is 
that roots which are cultivated in a water solution are probably almost 
saturated with water. 
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F. A. F. C. Went (27) has proposed another possibility. If cells suddenly 
increase their growth, which may be the case in a geotropic reaction, it 
might be suggested that ihe supply of food reserves would limit the process. 
In the stages where the auxin gradient levels, the shorter side would be 
favoured by this factor and a straightening would take place. Nor can this 
explanation be applied to roots, because of the supra-optimal auxin concentra- 
tion probably present in these organs. Further, the reaction of wheat roots 
seems to be due to a growth inhibition and not to a growth increase. 

The third explanation, suggested by Went and Thimann (28), deals with 
a depletion of some growth factor on the convex side of a curving organ, 
which would make this side grow more slowly when the straightening takes 
place. Such a factor, however, is quite unknown, and therefore, as far as 
the author has found, there is at present no satisfactory explanation of the 
autotropism. 

On the other hand, several cases of straightenings of curvatures have been 
described in the literature, which cannot be explained as autotropic. Dolk (8) 
has shown that coleoptiles which had been decapitated immediately after 
a geotropic stimulation and before the reaction had started showed a normal 
geotropic reaction, but the autotropic straightening did not appear. Further, 
coleoptiles which were unilaterally treated with auxin curved, but the curva- 
ture was not followed by a straightening. These experiments indicate that 
the tip in some respect takes an active part in the initiation of the latter 
reaction and that the reaction is not an auxin effect. In his discussion of 
Dolk’s experiments Rawitscher (20) claims that it will not be surprising if 
future experiments show that the effect of the tip upon the autotropic 
straightening has nothing to do with the production of growth substance. 

Lundegärdh (16) has shown that the size of the autotropic counter-reac- 
tion of Pisum roots is independent of the intensity of the geotropic curva- 
ture. According to Lundegärdh (16) there is always a proportionality between 
the geotropic stimulus and the geotropic reaction. Of course, it should be 
expected that even in the case of the autotropism such a connection would 
be present. Lundegärdh also concludes that it seems doubtful whether the 
auxins are directly engaged in the autotropic straightenings. 

On the other hand, Simon (23) has obtained straightenings proportional 
to the curvatures. His experiments, however, give the impression that two 
counter-reacting processes are present in the roots. He has found time curves 
of the geotropic reaction of Vicia Faba, which are similar to the curves of 
wheat roots. After about five hours, some of his roots showed a decrease of 
the curvature which, however, was again increased. Simon did not under- 
take measurements during the night between 12 and 24 hours, but in the 
morning the curvature was again reduced. Simon has interpreted the phe- 
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nomena as a struggle between the forces of geotropism and autotropism. 
The first decrease occurs when the processes, giving the autotropic reaction 
are strong enough to overcome the geotropism. Later on the latter again 
becomes stronger. This implies that the autotropic reaction exceeds the geo- 
tropic one before this has reached its highest value, and therefore there is 
no true proportionality between the positive reaction and the autotropism. 
Consequently the autotropism even in the experiments of Simon is best under- 
stood as a reaction that is independent of the auxin reaction. Finally, Lar- 
sen (12) has shown that the straightening that takes place in curved roots 
of Artemisia, placed on a clinostate at low velocity is not autotropic, but 
may be induced by the omnilateral geotropic stimulus. 

In the experiments of the author the negative bending appearing after 
about eight hours is greater than the foregoing positive one. An upward 
curvature can hardly occur in any other way, which implies that this growth 
cannot be interpreted as autotropic. For this reason and others, which will 
be discussed in a coming paper, the author will consider the negative reac- 
tions of the wheat roots as a consequence of some process which is not con- 
nected to the auxin. Therefore they will in the following be called negative 
reactions without any explanation of the processes. 

The problem of the connection between growth and geotropic reaction 
has also been the subject of many investigations. As to the Avena coleoptile 
it seems to be well established that the total growth is unchanged during the 
geotropic reaction, which implies that the curvature is formed by a decreased 
growth of the concave side as well as an increased growth of the convex 
(6, 8, 26). However this does not imply that the same is the case in roots, 
and in fact the experiments concerning the problem undertaken with roots 
have given very different results. Sachs (22) has made measurements of the 
central line of geotropically curved roots of Vicia Faba. He always found 
ibat the growth of this line was decreased compared to the central line of 
normal roots. On the upper side he obtained a weak increase of the growth, 
and the curvature depended mainly on the decrease of the lower side. Von 
Luxburg (17) repeated the experiments of Sachs, and in his figures the same 
result can be traced. However von Luxburg himself was very doubtful as 
to the reliability of the tendency because of the great spread of the results. 
In later investigations Keeble, Nelson and Snow (11) have measured the 
growth of stimulated and unstimulated roots of maize. Their results were 
quite opposite to those of Sachs, and they recorded a stimulation of the 
growth of horizontally placed roots. Cholodny (7) and Navez (18), however, 
showed independently that the growth reaction of Keeble, Nelson and Snow 
probably was due to a drop of water, which is formed at the root tip of a 
vertical root. This drop inhibits the growth, and the reason of the growth 
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increase was that no drop was formed on a horizontally placed root. Cho- 
lodny and Navez showed that no growth reaction could be established and 
that the growth of geotropically reacting roots was the same as the growth 
of the non-stimulated roots. In this connection the results of Ursprung and 
Blum (25) also should be mentioned. These investigators measured the pro- 
perties of the cells in curving roots of Vicia Faba. They found that the wall 
pressure in the cells of the concave and the convex sides was influenced in 
different ways. On the concave side it was increased compared to normal 
cells, while there was only a very little change on the convex side. These 
results again point to a decreased growth in the lower part of the root. 
Larsen (12) has carefully investigated the growth of Artemisia roots, rotated 
on a clinostate. He found as a consequence of the rotation always a de- 
creased growth, but the magnitude of this was dependent of the velocity of 
the rotation. Finally Brumfield (2) has also found that the growth of timothy 
roots is decreased during the geotropic reaction. This is shown by his table 1 
p. 960. 

In spite of the contradictory earlier results there is much evidence in 
support of the observation that a growth decrease accompanies the geotropic 
reaction. The inhibiting effect of the water drop at the root tip makes the 
interpretation more difficult, and only experiments performed under such 
conditions that this effect is eliminated have real evidence. The methods of 
Larsen and Ursprung and Blum eliminate this source of error, and therefore 
the results of the author are in accordance with previous experiments. They 
all show that the positive geotropic reaction is mainly caused by a decrease 
of the growth on the lower side. 

Summing up the results it may be said that the course of the geotropic 
reaction of wheat roots starts with a positive bending which extends 
backwards in the root. It is caused mainly by a decreased growth on 
the lower side. The positive curvature is followed by two bendings in 
the negative direction, both occurring in the same group of cells but 
at different stages of their development. Thus the first negative reaction 
appears in the apex and the second one as far from the apex as the root 
has grown during the period between the reactions. At least the second of 
the reactions is caused by a growth inhibition on the upper side of the root. 
Only the second negative reaction is maintained after the end of the stretching 
process. It was further shown that the mutual strength of the positive and 
negative reactions is dependent on the pH value in the solution, and con- 
sequently one or both of the upwards and downwards bending tendencies 
can be influenced by the external conditions. This problem will be further 
considered in a coming paper. The reactions in the negative direction can 
hardly be understood on the basis of the auxin theory. As a working hypo- 
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thesis they are considered to be due to a process that is not connected to 
auxin. If this is the case, they would be of a similar nature as the negative 
reactions, which have been shown to exist in roots by Lundegärdh (15, 16) 
and the author (21). À more comprehensive discussion of the results will be 
given in a coming paper. 


Summary 


The time course of the geotropic reaction of wheat roots taking place in 
a nutrient solution has been determined. It could be shown that the curva- 
ture is not only determined by a positive reaction but also by two negative 
reactions. The positive reactions starts in the root apex after about one hour 
at 15°C. After 2—3 hours the bending is counteracted by the first negative 
reaction. After 7—8 hours a new negative reaction appears in the same group 
of cells which have given rise to the first negative reaction, but at this time 
the cells are localized to the first part of the elongation zone as a conse- 
quence of the longitudinal growth of the root. The second negative reaction 
is maintained in the root after the end of the stretching process together 
with the positive reaction, which has been extended basipetally in the roots 
and is placed distal to the negative one. As a result the root under favourable 
conditions is slightly S-shaped. 

It could further be shown that the positive reaction and the second nega- 
tive reaction both are due mainly to a growth inhibition on the concave 
sides, which in the first case is localized to the lower side and in the second 
case to the upper side of the root. 

The character of the negative reactions is discussed; it is found that they 
cannot be autotropic in the common sense of this term, but must be regarded 
as due to some process which is initiated by the geotropic stimulus. 

Finally it was shown that the mutual strength of the positive and the 
negative reactions are different at different pH values in the nutrient solution. 


This investigation has been supported by a grant from the Swedish Science 
Research Council. 
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On the Nature of Photoperiodic Induction 


IV. Preliminary Experiments on the Effect of Light Following 
the Inductive Long Dark Period in Xanthium pennsylvanicum 


By 


D. J. CARR 


Botany Department, University of Melbourne, Australia 
(Received October 1, 1956) 


Introduction 


It has been known for many years that light of high intensity following an 
inductive iong dark period (LDP) stimulates the development of inflorescen- 
ces in Xanthium pennsylvanicum, and that the flowering response is propor- 
tional, within certain limits, to the light intensity (Mann, 1940). Moreover, 
the light intensity during the day immediately following the long night 
appears to be much more important than the light intensity on subsequent 
days. After a LDP flowering is accelerated by exposure of the plants to light, 
and even light of iow intensity (e.g., 40 foot candles) is more favourable than 
darkness (Hamner, 1940). Nevertheless, Xanthium plants will flower even 
when kept in continuous darkness (Hamner, 1940). Khudairi and Hamner 
(1954) have shown that if all the leaves, except the most effective leaf, are 
removed from a Xanthium plant, then this plant will not flower if the 
remaining leaf is removed immediately after the end of a single inductive 
LDP. This has been confirmed by Skok and Scully (1954), who used plants 
defoliated to the first fully expanded leaf, and by Salisbury and Bonner 


(1956). 


This constitutes evidence against the hypothesis of Gregory, additional to that 
which I have already published (Carr, 1952). To account for the existence of a 
critical duration of the dark period Gregory (1948) postulated that a photolabile 
product (B) of the reactions which take place in the dark moves rapidly out of the 
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leaf as soon as the dark period exceeds the critical duration, and that little or none 
of it remains in the leaf after that time. It is clear that the product of the dark 
reaction normally moves out of the leaf during the day following the inductive 
LDP. In the experiments of Khudairi and Hamner a maximum flowering response 
was obtained if the single treated leaf was left on the plant for 16 hours following 
the LDP. With smaller (3—5 cm?), less effective leaves the maximum response was 
obtained when the leaf was allowed to remain for 12 hours on the plant. The authors 
interpreted their results by stating that “it is possible that exposure to light after 
the dark period accelerates movement of the stimulus out of the leaves”. This is 
consistent with their data by which it would appear that the plant must be exposed 
for at least 2 hours to daylight for some transport of the product of the LDP out 
of the leaf to become evident. Transport is completed when 12—16 hours have 
elapsed since the end of the LDP. To explain this lapse of time Khudairi and 
Hamner suggest that either (1) chemical reactions leading to the stabilisation of 
the stimulus have to take place in the leaf tissue after the end of the LDP, or 
(2) “it may take time for the stimulus to move out of the leaf in effective amounts”. 
Skok and Scully (loc. cit.) also found that the flowering stimulus begins to move 
out of the leaf a few hours after the plant is returned to daylight in the green- 
house. It would appear that in their experiments about 12 hours of daylight were 
required for the completion of the transport of the stimulus from the leaf. Salisbury 
and Bonner (1956) agree with these authors on the time of transport of the flowering 
stimulus from the leaf. They state that some stimulus moves out in the first 3 hours 
of light following a LDP of 21 hours, that export is completed in about 10 hours in 
daylight, and that the length of the dark period is “relatively unimportant in deter- 
mining time of translocation of the flowering stimulus from the leaf”. 

These statements, which are in general agreement, are passively contradicted by 
Lockhart and Hamner (1954a), who claim that “the stimulus does not begin to 
move out of the leaves until approximately 10 hours after the termination of a 
12-hour dark period”, and that a maximal level of flowering occurs only “if the 
leaves are allowed to remain on the plant for about 24 hours after the end of the 
inductive dark period”. It is possible that the contradiction is related to the fact that 
in Lockhart’s experiments all the expanding leaves and two fully expanded leaves were 
allowed to remain on each plant, and the plants were exposed to light from fluorescent 
lamps, whereas in Khudairi’s experiments only a single expanding leaf was retained 
on each plant and the plants were exposed to daylight. From the results of other 
experiments, in which the plants were subjected to a variety of temperature and 
illumination treatments following an inductive dark period, Lockhart and Hamner 
conclude that “a further reaction requiring light normally takes place in the leaf 
subsequent to the inductive dark period and before the stimulus is translocated from 
the leaf. Prior to this photochemical reaction the stimulus produced in the inductive 
dark period may be considered to be present in the form of a precursor which is 
changed as a result of the action of light to the final form in which it is exported 
from the leaves”. The reaction is said to require “relatively high light intensity for 
rapid (6 hours) completion”. However, the authors observe the contradiction implied 
by Hamner’s (1940) previous work, in which Xanthium was found to flower with- 
out exposure to light following an inductive dark period. Other colleagues of Ham- 
ner have apparently confirmed this, according to unpublished work cited by 
Lockhart and Hamner (1954 a). Skok and Scully state that some tlowering stimulus 
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moves out of a leaf held in continuous darkness for 30 hours, but the amount is 
considerably less than that which moves out in the same time when the plants are 
transferred to daylight following an inductive LDP. 


Lockhart and Hamner (1954 a) have adopted both the possibilities — sta- 
bilisation and time for translocation — mentioned by Khudairi and Hamner 
to explain the time required for the stimulus to move out of the leaf. To 
these possibilities may be added a third, that light intervenes in the forma- 
tion of assimiliates in the leaf and that the product of the LDP moves out 
of the leaf together with the stream of assimilates. High light intensities are 
effective in facilitating the building up of an adequate concentration of assi- 
milates in the leaf, and time must be allowed for sugar to appear and be 
translocated from the leaf, carrying with it, presumably in mass flow, the 
product of the LDP. It seems clear from the evidence in the literature (Lang, 
1952) that the flowering hormone moves in the phloem. According to Ham- 
ner’s own work and that of Skok and Scully, light is not essential for the 
stabilisation of the product of the inductive LDP and the experiments to be 
reported in this paper appear to show that the promoting effects of high 
light intensities following the LDP in Xanthium may be attributed entirely 
to the formation of sugar in the leaf as a result of photosynthesis, increasing 
the “source to sink” gradient in translocation from the leaf to the shoot 
apex. As a result of the attention which has been paid recently to the reaction 
following the LDP in Xanthium, complex hypotheses have been put forward 
(Lockhart and Hamner, 1954b; Salisbury and Bonner). It is hoped that the 
data given below will help to clarify these hypotheses. The experiments 
reported here are essentially preliminary, and it is obvious that much more 
work is required to elucidate fully the nature of the reactions following the 
inductive LDP. 


Materials and Methods 


Wherever possible, the plants for each experiment were raised from seeds from 
a single parent plant of X. pennsylvanicum Wallr. According to Rydberg (1922), 
X. californicum Greene, the name given to a plant which is naturalised in Australia, 
is a synonym of X. pennsylvanicum Wallr. Seedlings were grown in flats and potted 
individually into 5 inch pots. The plants were grown under natural (summer) days 
with supplementary illumination between 10 p.m. and 2 a.m. from filament lamps, 
giving an intensity of about 230 foot candles at plant height. Uniform plants were 
selected for experiments when 6—8 weeks old. All macroscopic axillary buds and 
all leaves longer than 1 cm., with the exception of a single expanding leaf between 
5.5 and 9 cm. long, were removed from each plant. Since it was impossible to arrange 
for the remaining leaf on each of the plants in an experiment to be of the same area, 
the plants were so distributed in the various treatments that all groups contained 
plants with leaves of sizes ranging from the smallest to the largest. 
Physiol. Plant., 10, 1957 


252 D. J. CARR 


(Khudairi and Hamner have stated that the most sensitive leaf of Xanthium is 
“that which is about half expanded”. This they established by removing all the 
leaves but one from Xanthium plants. These plants were then induced with a single 
15-hour dark period and dissected after 3 weeks. Plants which had had leaves between 
8 and 25 cm? in area at the time of induction gave the highest flowering response. 
These leaves were of an area between one-half and two-thirds the presumptive maxi- 
mal area of a leaf at the same node on a non-defoliated plant. In fact, the presumptive 
maximal area of a young leaf of Xanthium is considerably increased by removing 
the older leaves, a phenomenon which has been investigated in considerable detail 
by Ashby (1948) working with Ipomoea spp. When, as in Khudairi and Hamner’s 
experiments, the plant is defoliated to a single leaf not vet fully expanded, this leaf 
if allowed to remain on the plant will grow to a much greater size than it would 
have attained had the older leaves not been removed. The statement of Khudairi 
and Hamner that “the sensitivity of Xanthium leaves to photoperiodic induction 

. reaches a maximum when they are half expanded” is, therefore, misleading. 
The data given by Salisbury (1955) may be interpreted as showing that the sensi- 
tivity of the leaf is directly proportional to its rate of expansion. The most sensitive 
leaf is that which is expanding most rapidly. According to Salisbury’s data, a leaf 
is expanding most rapidly on a non-defoliated plant when it has attained a length 
of 7—8 cm. This, in the strain I have used, corresponds to an area between 21 and 
28 cm?. It is implicit, but not categorically stated, in the paper by Salisbury and 
Bonner (1956) that the authors believe that the most sensitive leaf is that which is 
at the stage of most rapid expansion.) 

Each experiment was begun on a sunny day, so that the dark period was always 
preceded by an adequate period, usually 12—14 hours, of sunlight. Following the 
experimental treatments the plants were returned in all cases to the long-day green- 
house and the apical buds dissected after 4 weeks. The rate of formation of floral 
primordia in the strain of Xanthium used in these experiments is slower than that 
reported by Salisbury (1956). The stage of flowering was scored for each plant 
following the method used by Khudairi and Hamner (1954). 


Experiments 
(A) Light Intensity 


Experiment 1. — This experiment was designed to test the effects of dif- 
ferent light intensities during a period of 13 hours following a 15-hour dark 
period. Six lots of 15 plants, each 6 weeks old, were selected. These plants 
were defoliated and disbudded on the day of the experiment, as described 
above. The expanding leaf left on each plant had an area between 10 and 
36 cm?. The area of the largest of the leaves was about two-thirds that of the 
youngest fully expanded leaf. Since the area of the chosen leaf varied from 
plant to plant, each leaf was measured (measurements given in Table 1. 
Analysis of variance shows that there was no heterogeneity from group to 
group in the matter of leaf area. 
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Table 1. 
a à = 
Group Mean leaf area cm? | Standard deviation 
1 18.36 1.75 | 
2 23.6 8.26 | 
3 20.1 7.64 
4 20.3 6.97 
5 21.42 8.96 
L.D. Control 20.2 5.5 
| All plants 20.66 7.55 


No significant difference at 1 per cent level (F test) between groups. 


The five groups of experimental plants were brought into a large lecture-room 
converted into a darkroom in the evening. The temperature of the darkroom 
remained constant at 13°C. during the night. After 15 hours, 4 groups of plants 
were placed under filament lamps from the heat of which they were screened by 
ventilated glass screens. The groups of plants were arranged at increasing distances 
from the light source so that the intensities, measured and adjusted for each 
individual plant at the treated leaf surface, were as follows: Group 2, 500 foot 
candles; Group 3, 250 foot candles; Group 4, 100 foot candles; Group 5, 25 foot 
candles. The remaining group of plants, Group 1, was also removed after 15 hours 
in the dark and placed in the greenhouse under diffused daylight. The position of 
these plants was altered from time to time during the day, so as to keep the light 
intensity at the leaf surfaces at approximately 2000 foot candles. The long-day 
control plants, which had received a non-inductive dark period during the previous 
night, were also exposed in the greenhouse to daylight at an intensity of 2000 foot 
candles. The temperature in the greenhouse rose during the day to 21°C., while that 
in the darkened room in which the other plants were exposed to artificial illumina- 
tion rose slowly to 16.5°C. The temperature at the leaf surfaces of the plants under 
artificial lighting was periodically checked, and these temperatures did not differ 
from each other or from that of the room by more than 1°C. After 13 hours in the 
light the leaves of all the plants including the long-day control plants were cut off. 
All the plants were then transferred to the long-day greenhouse. After 6 days a new 
leaf had expanded to an area comparable with that of the leaf which had been 
selected for experimental treatment. The stages in flowering scored after 4 weeks 
are given in Table 2 and Figure 1. 


Table 2. 
Light Number of plants Stage of flowering 
Group foot candles | ; | er 
een Flowering Vegetative Mean | S.D. 
il 2,000 15 0 3.62 1,25 
2 500 12 3 2.5 | 0.31 
3 250 12 3 1.9 | 1.5 
4 100 8 7 1.5 | ijl 
5 25 0 15 — = 
L.D. Control == 0 15 — | = 
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LIGHT INTENSITY (FT. CANDLES ) 


It is clear that the flowering response is proportional to light intensity and 
that very low light intensities, below 100 foot candles, do not result in 
flowering. A light intensity of 25 foot candles is probably below the com- 
pensation point for Xanthium. The response of the plants is Group 2 (500 
foot candles) was not as great as that of the plants of Group 1, but direct 
comparison or extrapolation is probably invalid because of the different 
nature of the light sources in these groups and differences in temperature 
during the day. 


(B) Locus of Perception 


Experiment 2. — In none of the experiments discussed in the introduction 
to this paper has it been established whether the light on the day following 
an inductive LDP is required to act on the leaf or on the terminal bud. The 
following experiments were carried out to elucidate this point. 


Seven groups of plants, 15 plants per group, were transferred to darkness for a 
period of 15 hours. In three groups of plants (“apex covered, A, B, C”) caps of 
aluminium foil were placed over the terminal buds. At the same time the single 
remaining leaf on each of the plants of the other three groups was enclosed in a 
light-proof envelope of black paper (“leaf covered, D, E, F”). A set of long-day 
control plants had neither bud nor leaf covered, and these plants received an inter- 
rupted night. The experimental plants were taken from the dark and exposed to 
light for 13 hours after which the leaves were cut off, apical masks removed and 
the plants committed to the long-day greenhouse. During the 13-hour period of 
light the light intensities at the leaf surfaces or shoot apices respectively were 
maintained at three different values in the manner described for experiment 1. 
Groups A and D received 2000 foot candles (daylight in the greenhouse), Groups B 
and E, 250 foot candles (filament lamps with screening) and Groups C and F 25 foot 
candles. After 4 weeks the data shown in Table 3 were obtained, 
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Table 3. 
en en 
Group Treatment ent Moar aeg 
Flowering Vegetative flowering 

Apex covered 
A 2000 foot candles 10 5 3.01 
B 250m + 4 11 0.7 
Cc DD % 0 15 — 

Leaf covered 
D 2000 foot candles 9 6 2.01 
E 2507, x 2 13 0.3 
F DS x 0 115 = 
L.D. Control — — 15 — 


1 Difference A, D highly significant (x? test). 


These data show that the subsequent flowering response is considerably 
depressed if the leaf is not exposed to light following the LDP. It is valid 
to compare the results of this experiment with those of Experiment 1, since 
they were carried out at the same time and with the same batch of plants. 
Only 9 of the plants of Group D flowered (stage 2.0) as compared with all 
15 plants of Group 1 of Experiment 1 (stage 3.6). But even the masking of 
the apical bud somewhat reduces the response (Group A, 10 plants flowered, 
stage 3.0). A similar reduction is shown by Group B in comparison with 
Group 3 of Experiment 1. What is perhaps surprising is that flowering 
should be so little affected by masking the leaf, and that illumination of the 
shoot apex should enhance the flowering response. It would appear that the 
transport of the flowering stimulus from the leaf into the apical bud is 
reduced when the bud is kept in the dark. In unpublished experiments on 
translocation using C!*O, applied to a leaf in the light, Thaine (Botany 
Department, Melbourne) has found that shading the apical bud of Biloxi 
soybean reduces the import of labelled carbohydrate from the leaf into the 
bud. A possible interpretation of this phenomenon will be given later, in the 
discussion. 

It would appear from the results of this experiment that light is not essen- 
tial for the conversion of the product of the LDP into a “transportable” 
substance, and that high light intensity acting on the apical bud may induce 
(as in Group D) some transport of the “flowering stimulus” from the leaf. 
The amount or rate of transport is greater, however, if light of high intensity 
acts on both leaf and bud. This is readily interpreted on the assumption that 
translocation takes place along a “source-sink” gradient, and that illumina- 
tion of the leaf increases the potential of the “source” whereas illumination 
of the shoot apex increases its capacity as a “sink”. 
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Table 4. 

——— 
Number of plants Mean stage of | 

Grou Treatment ER 

i Flowering Vegetative flowering 

A Apex covered... 6 9 1.3 

B Leaficovered ea 5 10 0.73 

C Apex and leaf exposed... 15 0 3.2 

L.D Control = = 10 — 


Experiment 3. 


These conclusions were tested in a further experiment. Two groups each of 15 
plants were exposed to 12 hours of diffuse daylight following a dark period of 12 
hours. One group of plants had masks over the leaves, but their apices were exposed 
to the light, whereas the apices of the other plants were masked but their leaves 
exposed to the light. A further set of plants had neither leaves nor apices covered. 
Long-day control plants were also kept in the greenhouse. The flowering data 
obtained after 4 weeks are given in Table 4. 


The results are confirmatory of those obtained in Experiment 2. The 
flowering response of Group C was somewhat poorer than that of the similarly 
treated Group 1, Experiment 1, but this may be attributed to the fact that 
Experiment 3 was carried out towards the end of the summer, and both the 
length of the dark period and the light intensity on the following day were 
less favourable than in Experiment 1. Salisbury and Bonner (1956) note 
that the rate of translocation of the stimulus from the leaves is smaller in 
the winter than in the summer. The results of Experiment 3 again show that 
the flowering response is depressed much more by shading the leaf than by 
shading the bud, but that shading the apical bud has an effect which is by 
no means negligible. - 


(C) Effect of a Brief Period of High Light Intensity 


Experiment 4. It is well known that a brief period of low light intensity 
interpolated between an inductive dark period and a further period of dark- 
ness is inhibitory to flowering in Xanthium, the degree of inhibition depending 
on the length of the second dark period (Wareing, 1954; Lockhart and 
Hamner, i954 b). Less is known, however, of the effects of such an inter- 
ruption by a period of high light intensity. If Jight acting on the leaf is 
required to build up the levei of carbohydrates as a result of photosynthesis, 
then it may be supposed that a period of about 3 hours of daylight would 
suffice to raise the sugar concentration of the leaf to a level sufficient to 
initiate translocation, which might then continue even in a subsequent 
period of darkness. This was tested in the following experiment. 
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Table 5. 
oo ———————_— 
Group ee Number of plants { a stage of 
Flowering | Vegetative Omens 

a 3 hrs. light (2000 foot candles) —10 hrs dark 8 2 3.6 

b 3 hrs. light (100 foot candles) —10 hrs. dark 0 10 = 

c 13 hrs. light (2000 foot candles) .......... 10 — | 3.6 

d Konstdayfeontrolen N... RER NS. 0 10 | — | 

P (a, c) < 10 %. 


Thirty plants were treated with a 15-hour dark period. Ten of these plants were 
then exposed to diffuse daylight (intensity 2000 foot candles) in the greenhouse for 
3 hours, and their leaves were then masked by black paper envelopes. The other 
ten plants were treated similarly, except that the leaves were exposed for 3 hours 
to artificial light of 100 foot candles. Thirteen hours after the end of the dark period 
the leaves were removed from these plants, and also from another set of plants, 
the leaves of which had been exposed to daylight at 2000 foot candles throughout 
the whole 13-hour period. The flowering data are given in Table 5. 


Group a, the leaves of which received only 3 hours of daylight, flowered 
almost as well as the plants the leaves of which received 13 hours of day- 
light. The plants of Group b did not flower. The experiment may be con- 
sidered as showing that, although light is required to build up an initial 
supply of assimilates in the leaf, it is unnecessary for the light to act con- 
tinuously on the leaf to maintain the flow of the flowering stimulus out of 
the leaf. 

Experiment 5. — The result of the preceding experiment was tested by 
subjecting plants, defoliated in the usual way, to 12 hours of darkness and 
exposing the single remaining leaf for varying periods of time to daylight on 
the following day. The weather was unfortunately dull and rainy during this 
day, and the flowering responses of the plants were, therefore, correspondingly 
low. However, from the data given in Table 6 it is again evident that the 
flowering response is not unduly affected when the leaves are not exposed 
to light for the whole of the period following the LDP. 


Table 6. 
eee 
Number of plants Mean stage of 
Grou Treatment - Di 
2 Flowering Vegetative | HOME 

2 hrs. light—9 hrs. darkness.. 7 2 | 1.2 

8 hrs. light—4 hrs. darkness.. 12 1 | 2.3 

PARTS ALES RENTE TRS. 10 0 3.2 

L.D. Control = 0 10 _ 


Physiol. Plant., 10, 1957 


258 D. J. CARR 


A (3.15) | B (2.8) | C (1.5) 
Lat 


Figure 2. Experimental treatments 
of experiment 6. Shaded rectangles 
indicate complete darkness, bro- 
ken lines indicate a light intensity 
of 150 foot candles. Figures in 
brackets are mean flowering res- 


LONG -DAY (0) ponses. 


G (0.8) 


(D) Replacement of High Light Intensity by Sucrose 


Experiment 6. — This experiment was designed to test differential shading 
of the apex or leaf, and also the possibility of replacing the action of high 
light intensity on the leaf by supplying the leaf in the dark with sugar. 
Seven groups, each of ten plants, were defoliated in the usual way and 
treated with 15 hours of darkness at 13°C. Another group of ten plants, 
similarly defoliated, were kept as long-day controls. The treatments applied 
to the experimental plants are diagrammatised in Figure 2. 


After the end of the LDP the plants were placed under filament lamps with heat 
screening giving a light intensity of 500 foot candles at the surface of the remaining 
leaf on each plant. Plants of Groups B and C had their apices or leaves, respectively, 
covered with black paper masks. Groups D and E had their apices or leaves, 
respectively, covered with thicknesses of lens paper sufficient to reduce the light 
intensity to 150 foot candles. The leaves of plants of Groups F and G were not 
exposed to the light, but were enclosed in waterproof cellophane bags which were 
in turn enclosed in black paper envelopes. After the end of the LDP 10 ml. of 8 % 
sucrose solution was pipetted into the cellophane bag around the leaf of each of the 
plants of Group F, while the leaves of Group G were similarly treated with water. 
After 13 hours in the light the leaves were removed from all the plants. The flowering 
responses after 4 weeks are given in Table 7. 
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Table 7. 
EEE ELLE mm 
Group Trkatınent Number of plants Mean stage of 
Flowering | Vegetative Howe rine 
A 13 hrs. light, bud and leaf exposed 10 0 3.15 
B Bu demias) deny na. nn 10 0 2.8 
C BEAMASRÉTE TT rer to ae 6 + 1.5 
D Bud partially shaded ............ 10 0 2.35 
E Leaf partially shaded ........... 10 0 2.25 | 
F Leaf masked, plus sucrose ...... 10 0 3.8 
G Leaf masked, plus water ........ 2 8 0.8 
L.D. Control | — 0 10 = 


The most important result of the experiment is that a supply of sucrose 
to the leaf completely obviates the need for high light intensity following 
the inductive dark period. Indeed, under the conditions of the experiment 
the flowering responses of the sucrose-treated plants were greater than those 
of plants exposed to 13 hours of light at 500 foot candles. There is thus no 
necessity for light to transform or stabilise in the leaf the product of the 
long dark period. The replacement by sucrose of the requirement for light 
of high intensity following an inductive dark period has been confirmed in 
subsequent experiments. The other results of Experiment 6 are generally 
confirmatory of those obtained in previous experiments. Shading either the 
leaf or the shoot apex reduces the flowering response. but shading the leaf 
depresses the response much more than shading the shoot apex. The lower 
response of Group G (leaf masked, plus water) compared with Group C (leaf 
masked) might be due to a somewhat anaerobic condition of the leaf when 
it is enclosed in a cellophane bag together with water. If this depression is 
real, then the flowering response of Group F (leaf masked, plus sucrose) 
may actually be lower than it might be if sugar could be supplied in the 
dark without the attendant deprivation of oxygen. 


Discussion 


The evidence which has been presented above indicates that light is not 
required to stabilise the product of the LDP in the leaf, and the requirement 
for high light intensity during the period following an inductive dark period 
is related to the necessity for an increase in the sugar content of the leaf to 
enable the “flowering stimulus” to be exported, together with the stream of 
assimilates, from the leaf to the shoot apex. During a period of 8—10 hours 
of darkness, as Claes and Melchers (1949) have shown, most of the storage 
carbohydrates of leaves of Xanthium are depleted, whether or not the dark 
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period is interrupted by periods of light of low intensity. The requirement 
for high light intensity following an inductive dark period can be satisfied 
by feeding the leaf in the dark with sugar. Application of sugar to the leaf 
increases the potential of the leaf as a “source” in carbohydrate transloca- 
tion just as effectively as exposure of the leaf to light of high intensity in the 
presence of carbon dioxide. Some transport of the “dark product” out of the 
leaf can also be induced by illumination of the apical bud. Further experi- 
ments are required to establish that light acting on the shoot apex increases 
its capacity as a “sink” in translocation, but it may be argued that this is 
not improbable if carbohydrate utilisation in the apical bud is linked with 
nitrate reduction in the light. Stout (1945) has concluded that “substances 
conducive to reproductive development may be translocated with the carbo- 
hydrates”. If one shoot of a grafted, two-shoot plant of sugar-beet is kept in 
long days then the other shoot only flowers if it also is kept in long days or 
in complete darkness. If the receptor shoot is kept in short days it remains 
independent of the “donor” shoot for carbohydrates, and there is no move- 
ment into it of the flowering stimulus from the shoot kept in long days. 
Lincoln, Raven and Hamner (1956) have provided evidence, similar to that 
of Stout quoted above, that the flowering stimulus moves with the carbo- 
hydrate stream along a “source-sink” gradient in Xanthium. Other evidence 
that the flowering hormone moves with assimilates in the phloem has been 
reviewed by Lang (1952). Lang attributes the inhibitory effect of leaves of 
a higher insertion than a photoperiodically-treated leaf to “the generation 
by the non-inductive leaves of a solute stream opposed to the solute stream 
coming from the induced leaves”. Cajlachjan (1947) has shown that, in 
Perilla, the inhibitory action of a non-induced leaf situated more acropetally 
than an induced leaf can be imitated by cutting off the lamina and dipping 
the petiole in sugar solution. It is of interest that Went and Carter (1948) 
caused inflorescences of tomato to revert to the vegetative condition by 
applying sugar solutions to them in early stages of development. Non-induc- 
tion of flowering when a flowering plant is grafted to a vegetative plant has 
been attributed to the non-transference of assimilates across the graft unions 
(Heinze, Parker and Borthwick, 1942). Defoliated scions of Phaseolus vul- 
garis grafted to soybeans, or soybean scions grafted to beans cease devel- 
opment. I have been able to confirm this with scions of Biloxi soybean on 
bean stocks. 

Two sets of experiments have been reported in which sugar has been 
applied to Xanthium leaves during or after the inductive dark period. In an 
unpublished experiment due to Salisbury, referred to by Liverman (1955), 
sugar was applied for a brief period during a “light break” in the dark 
period; the experiment gave negative results. Livermann and Bonner (1953) 
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applied sucrose to the leaves of plants which were kept in darkness for a 
prolonged period (after an interrupted dark period) to demonstrate that the 
requirement for high light intensity preceding the inductive dark period may 
be replaced by supplying sugar to the plant. The results of their experiments 
may be interpreted as showing that sugar may also replace the requirement 
for high light intensity following an inductive dark period. 

The hypothesis adopted here and the experiments reported above are in 
agreement with well-known data on the effects of light and darkness on 
the translocation of 2,4-D and other growth-regulating substances from 
leaves. When 2,4-D is applied to a leaf of a plant (e.g., Phaseolus vulgaris) 
kept in the dark the growth regulator does not move out of the leaf until 
the plant is exposed to light of high intensity. Translocation then begins 
after a period of about 1—2 hours, and the rate rises to a maximum when 
the sugar content of the leaves reaches a maximum, i.e., in about 3 hours 
in sunlight (Mitchell and Brown, 1946). Translocation of 2,4-D from leaves 
does not occur in the light if CO, is absent (Mitchell and Brown, loc. cit.; 
Weintraub and Brown, 1950). At least six hours must elapse before trans- 
location of the growth regulator from the leaf is completed. The rate of 
translocation is proportional to the light intensity acting on the leaves (Rice, 
1948). Rohrbaugh and Rice (1949) have shown that sucrose applied to leaves 
in the dark will substitute for light in initiating translocation of 2,4-D from 
the leaves. Weintraub and Brown (1950) have confirmed this and, as might 
be expected, have found that glucose and maltose are as effective as sucrose. 
If NAA applied to Xanthium leaves in the dark remains in the leaves until 
they are subjected to light, then the result obtained by Salisbury and Bonner 
(1956) namely, that the effect of NAA application during the dark period is 
independent of the time of application, is readily explained if the effects 
of applied auxin are exerted on some process which occurs during the initial 
part of the following light period. Salisbury and Bonner state that their 
experiments show thai the “effect of applied auxin consists in a net reduc- 
tion of the amount of flowering substance transported from the leaf”. 
Applied auxin may, therefore, interfere directly in the transport mechanism 
rather than in the synthesis of “flowering substance”. It may compete with 
the flowering substance in transport or inhibit movement of the flowering 
substance out of the leaf, as, according to Hay (1956) 2,4-D inhibits move- 
ment of IAA in stems or petioles of Phaseolus vulgaris. It would then follow, 
to quote Salisbury and Bonner, that “night length is relatively unimportant 

. in determining the time at which applied auxin becomes effective in 
floral inhibition”. 

Liverman and Bonner (1953) have already shown that the requirement 
for high light intensity preceding an inductive dark period in Xanthium can 
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be replaced by supplying sucrose, or a number of other carbon compounds, 
to the leaves or to whole cuttings. Since the experiments reported above show 
that the necessity for high light intensity following the inductive dark period 
can also be replaced by supplying sugar to the leaves, then the essential 
photoperiodic reaction may now be regarded as that which proceeds during 
the inductive dark period, and Xanthium may truly be regarded as a “long- 
night plant”. If the essential photoperiodic reaction of other “short-day 
plants” is that which proceeds in the LDP it immediately becomes apparent 
that these plants should flower in continuous darkness if their carbohydrate 
supplies are not limiting. Cajlachjan (1948) found that Perilla ocymoides 
will form flowers when kept in darkness for over a month. This has been 
confirmed by Lona (1950 a and c), who found that vigorous Perilla plants 
4 months old formed flowers after a period of 16—22 days in darkness. 
Younger plants with less reserve carbohydrate did not flower. Lona (1948) 
was also able to obtain flowering of Chenopodium amaranticolor in com- 
plete darkness. Here again, older (13 weeks old) plants flowered but not 
younger (6 weeks old) plants. Harder and Gümmer (1947) did not observe 
flowering in Kalanchoe kept in continuous darkness for two and a half 
months. Borthwick and Parker (1938) and Snyder (1940) failed to obtain 
flowering of Biloxi soybean by keeping plants for a period of up to 10 days 
in darkness, and Leopold (1949) did not obtain flower primordia on Biloxi 
soybean grown in the dark. Flower formation in continued darkness, there- 
fore, takes place only in certain species of “short-day” plants, and then only 
in older plants, probably indicating a requirement for adequate storage 
reserves (Leopold, loc. cit.). 

Although, in Xanthium, high light intensity is not required to stabilise the product 
of the dark reaction in the leaf, it seems clear that low light intensities may be able 
to break down this product while it remains in the leaf. Indeed, since detached 
leaves of Xanthium kept in short days do not appear to accumulate flower hormone 
(Carr, 1953) the product of the dark reaction appears to be quite unstable if it 
remains in the leaf. The available evidence is all in accordance with the hypothesis 
that in Xanthium the flower hormone is stable only in apical meristems. In the 
absence of publication it is difficult to comment on the validity of Lincoln’s experi- 
ments (quoted by Salisbury, 1955) which are claimed to show that very young 
leaves can replace the requirement for “an actively growing bud”. It is difficult to 
believe, however, that the axillary meristems of “very young leaves” could be 
removed without damaging the leaves. Salisbury has misinterpreted me in believing 
that I have suggested than an “inactive” apical meristem (presumably one which is. 
not growing vigorously), if present, is incapable of stabilising the flower hormone. 
In my own experiments no apical meristems, “active” or “inactive”, were present 
on the plants or detached leaves. Salisbury’s own work shows no more than that 
applied auxin may stimulate the growth of the sliced axillary bud, which he 
allowed to remain on each plant, and the flowering response obtained after 3 weeks. 
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would be governed by the rate of growth of the bud during this time. In unpublished 
experiments I have observed that the very small axillary buds of leafless, decapitated 
scions of Xanthium taken from plants induced with short days will eventually 
flower when ‚grafted re vegetative stocks. Even the rudimentary and, to use Salis- 
bury’s term, “inactive” cotyledonary buds appear to be able to function as sites of 
stabilisation of flower hormone. 


In Lockhart and Hamner’s (1954) experiments all the expanding leaves 
and two fully expanded leaves were left on the plants. Translocation of the 
“flowering stimulus” from the leaves did not appear to begin until 10 hours 
after the end of the inductive dark period. It is essential that the validity 
of their conclusions (on thermolability and light sensitivity of the product 
of the LDP in the leaf) should be tested in the simpler situation in which 
only the most rapidly expanding leaf is left on the plant. In all other reported 
experiments the flowering stimulus has been shown to begin to move out of 
the leaves 2—3 hours after the end of the dark period. It is possible that 
the young leaves in an early stage of expansion may compete with the shoot 
apex for the flowering stimulus, since they import carbohydrates from the 
older leaves. It may also be possible that destruction of the product of the 
LDP by low light intensity or high temperature may be much more effective 
in primordial or expanding leaves than in older leaves. The complexity of the 
results of the experimental treatment used by Lockhart and Hamner may be 
unravelled when our knowledge of the interrelationships between leaves of 
different ages in the matter of carbohydrate export and import is more com- 
plete. Work on these lines is in progress at the present time in this Depart- 
ment. Mann’s (1940) remark that “experimental work on the effect of light 
immediately following a dark period is needed” is still valid. 


Summary 


Experiments on Xanthium pennsylvanicum are reported in which it is 
shown that the transport of the product of the inductive dark period out of 
the leaves during a period of 13 hours following the dark period is influenced 
by light intensity. Transport is considerably depressed when the leaves are 
not exposed to light of high intensity, and transport is depressed to a smaller 
degree when the apical bud is shaded or kept in the dark. The depressing 
effect of the absence of light on the leaf may be completely overcome by 
supplying sucrose to the leaf. It is suggested that the product of the inductive 
dark period moves in mass flow with the stream of assimilates, which may 
be supplied by photosynthesis or by immersing the leaf in sucrose solution. 
The source-sink gradient between leaf and shoot apex is increased by illu- 
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mination of the apical bud, and this treatment promotes the export of the 
product of the dark period from the leaf. Light is not required to stabilise 
this substance in the leaf. 

In Xanthium the essential photoperiodic reaction is that which proceeds 
during the inductive dark period. High light intensities are required only 
to supply assimilates, which may have different functions before and after 
the dark period. 

The direct effects of growth-regulators applied to the leaves during the 
dark period may be on translocation rather than on.the reactions which take 
place during the dark period. 


This work has been supported by a grant from the Commonwealth Bank Rural 
Research Fund. 
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The dormancy of the seed of Xanthium spp. has formed the subject of a 
considerable number of investigations over a period of many years. The 
fruit of Xanthium has two seeds which differ in size, shape and position 
in the *burr’. Whereas the intact ‘lower’ seed germinates readily (following 
a period of after-ripening in dry storage — p. 277), the ‘upper’ seed remains 
dormant when sown, so long as the testa is intact. The upper seed is gener- 
ally held to constitute the classical example of dormancy due to impermea- 
bility of the testa to oxygen (Crocker, 1948). The main evidence for this 
view is that (1) removal of the testa leads to germination of the embryo 
(Crocker, 1906), (2) the intact upper seeds can be induced to germinate at 
high oxygen tensions (Shull, 1911; Thornton, 1935), and (3) isolated em- 
bryos show a very much higher oxygen uptake than intact seeds, (Shull, 
1914). On the other hand, germination-inhibitors are widely distributed in 
seeds and fruits and appear to control dormancy in a number of species 
(Evenari, 1949). 

During the initial stages of the present investigation it was demonstrated 
that powerful germination-inhibitors are present in the embryo of Xanthium 
pennsylvanicum, This observation raised the question as to whether they 
play any rôle in the dormancy of the upper seeds, and if so, what are the 
relationships between the inhibitors and the oxygen effects reported by 
earlier workers. These problems formed the subject of the present investiga- 
tion, A preliminary report of this investigation has already been published 
(Wareing and Foda, 1956). 
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I 


Methods 


Plants of X.. pennsylvanicum Wallr. were grown in large pots in a greenhouse. 
The plants were maintained under long-day conditions, except for a few cycles of 
short-day treatment to induce flowering. The seeds used in the investigation were 
harvested from these plants. 


Extraction. The plant-material to be assayed for growth-activity was extracted 
as follows. The material was first frozen hard with solid carbon dioxide and then 
ground to a powder. It was then extracted at 0° C. with peroxidefree diethyl ether, 
with three changes, over a period of 24 hours. The ether fractions were filtered and 
combined. The ether was completely evaporated under reduced pressure at 25°—30° 
C., and the residue was dissolved in 90 per cent aqueous methanol. The methanol 
extract was shaken three times with petroleum ether, by which the lipoidal material 
and chlorophyll were separated. (The petroleum ether fraction was shown to have 
no growth activity). The methanol extract was reduced to! a few ml. by distillation, 
in preparation for chromatography. 


The residue of the plant material, after ether extraction, was extracted with 
distilled water at 0° C. for 24 hours, using two changes of water. The combined 
aqueous fractions were filtered and an equal volume of ethanol was added to preci- 
pitate the proteins. The extract was then centrifuged and the supernatant was first 
distilled under vacuum at 25°—30° C., until most of the ethanol had been removed, 
and the remaining solution was freeze-dried to a few ml., in preparation for paper 
chromatography. 

The ether and aqueous extracts were ’strip-loaded’ on Whatman No. 1 filter-paper 
and run by the ‘descending method’, using 70, 75, or 80 per cent isopropanol +30, 


25 or 20 per cent aqueous ammonia (s. G. 0.88 X 759 respectively, as running 


solvent. 

After development of the chromatograms they were cut into 10 portions and each 
portion was eluted overnight in distilled water (usually 10 ml.) at 0°C. in a 5.5 cm: 
petri dish. The activity of these fractions was usually assayed by means of the 
coleoptile ’straight-growth’ method following the procedure of Bentley and Housley 
(1954), using ’Atle’ wheat or ‘Victory’ oats. Growth promotion and growth inhibition 
were determined by reference to the growth of ‘control’ sections containing filter 
paper taken from above the starting line of the chromatograms. 

In some instances, the chromatograms were assayed by means of the ‘cress-root’ 
test, in which case the chromatogram sections were eluted in water and 1 ml. of 
each eluate was pipetted on to filter paper in a 5.5 cm. petri dish. Ten cress seed- 
lings, selected for uniformity of radicle length, were placed in each dish. The dishes 
were then kept in the dark at 26° C. for 15—20 hours, after which the lengths of 
the radicles were measured. 

In some experiments the chromatograms were assayed by means of a lettuce-seed 
germination test, in which seeds of the variety “New Market’ (a non-light-requiring 
variety) were planted on filter paper moistened with the solution to be tested, in a 
petri dish. The dishes were then kept in the dark at 20—22° C. for about 48 hours, 
after which the percentage germination was determined. 
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Natural Inhibitor Content of Xanthium seeds 


Mature Xanthium seeds were extracted, first with ether, and then with 
distilled water. Both extracts were chromatographed and then assayed by 
means of the coleoptile test. The results are shown in Figure 1. It is seen that 
no markedly-inhibitory fractions are present in the ether extract, although 
extract equivalent to that from 15 gm. of seed was used. Two growth-promot- 
ing ‘peaks’ are present, occurring at Ry values corresponding approximately 
to those of indole-acetic acid and indole-aceto-nitrile respectively. In the 
aqueous extract there are two main inhibitory zones, occurring at R; 0.1—0.3 
and 0.4—0.5 respectively. The first zone (Ry 0.1—0.3), referred to as inhibitor 
’A’, is yellow on the chromatogram and shows bright green fluorescence in 
ultra-violet light (2537 A). The second zone (R; 0.4—0.5), referred to as 
inhibitor ’B’, is colourless on the dried chromatogram, but becomes yellow 
on exposure to ammonia. It shows blue fluorescence in ultra-violet light. The 
aqueous fraction shows also the presence of a growth-promoting substance 
having an R; value ranging between 0.6 and 0.7. The same two inhibitory 
zones were also demonstrated when the chromatogiams were assayed with 
the cress-root test or with the lettuce seed germination test. 

In a further test, the inhibitor-contents of the cotyledons and radicles of 
the embryos were assayed separately, using equal weights (0.5 gm.) of each 
tissue. It was found that the ’A’ and ’B’ inhibitors occur in both radicles and 
cotyledons and at approximately the same activity levels. 

Extracts of the burrs and of mature leaves of older Xanthium plants were 
found to contain a powerful ether-soluble inhibitor occurring at R; 0.7—0.9, 
no doubt identical with the inhibitor reported by Bonde (1953). The aqueous 
fraction of the mature leaves contained no inhibitors corresponding to the 
"A’ and ’B’ inhibitors of the seeds, but contained an inhibitor at R; 0.7—0.9. 

In a further experiment, ‘upper’ and ‘lower’ seeds were extracted separa- 
tely, and the aqueous fractions assayed by the coleoptile test. It was found 
that there was little difference in the activity of the ‘A’ and ’B’ inhibitors be- 
tween the two types of seed. 

Since it was found that the ’A’ and ’B’ inhibitors are not present in the 
leaves of older Xanthium plants, a study of the changes in inhibitor content 
occurring during germination and early growth of the seedlings was carried 
out, taking samples of (1) the ungerminated embryos, (2) 5-day old seedlings, 
and (3) 10-day old seedlings. It was confirmed that there are no markedly 
inhibitory zones in the ether extracts of the ungerminated seeds, but 
as germination proceeds an active inhibitor, having an R; value between 
0.8 and 0.9 (using 75 per cent isopropanol+25 per cent aqueous ammonia 
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Figure 1. Chromatograms of (A) ether extract of 15 gms. of dry Xanthium seed, and. 
(B) aqueous extract of 1 gm. of dry seed, using 75 per cent isopropanol + 25 per cent 


aqueous ammonia |S.G. 0.88% -- as running solvent. Assay of growth activity by means 


of coleoptile test, using oats for the ether extract and wheat for the aqueous extract. 

Ordinates indicate the final lengths of coleoptile sections, initially cut 10 mm. in length. 

Ordinates above those of the water ’controls’ (broken line) indicate growth promotion, 
and those below the line indicate inhibition. 


corresponds to that found in the ether extract of mature leaves. In the 
aqueous extracts, on the other hand, the ’A’ and ’B’ inhibitors present in 
the ungerminated embryos gradually disappear during germination (Figure 
2). Another inhibitory zone, differing slightly in R; value and fluorescence 
properties from inhibitor ’B’, appears in the aqueous extract during the later 
stages of germination. Since germination involves primarily growth of the 
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Figure 2. Chromatograms of aqueous extracts of Xanthium seeds and seedlings at various 

stages of germination. Three samples of seed (each weighing 1 gm before soaking) were 

used and were extracted (A) before sowing, (B) 5 days after sowing, and (C) 10 days after 
sowing. Assayed by wheat coleoptile test. 


radicle, changes occurring in the radicle during germination were determined, 
using the coleoptile test as an assay method. It was found that the ’A’ and 
'B’ inhibitors of the ungerminated radicles had completely disappeared from 
the actively-growing roots of 7-day old seedlings, and no new inhibitors 
appeared in the latter. 
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Figure 3. Chromatograms of ether extracts and aqueous extracts of embryos of Xanthium 
at various stages of development (see Table 1 for details). Assayed by wheat coleoptile test. 


The changes in hormone- and inhibitor-levels occurring during the deve- 
lopment of the embryos were studied by collecting 15 gm. samples at four 
different stages of development, as indicated in Table 1. Each of the four 
samples of seeds was placed immediately in a refrigerator at —15° C. after 
collection. The four samples were later extracted and assayed simultaneously. 
The results for three of the stages are summarised in Figure 3. It is seen 
that no markedly inhibitory zones occurred in the ether extracts of any 
of the different samples, but two growth-promoting zones are found in the 
extracts of young embryos, corresponding approximately, in R; value, to 
indole-acetic acid and indole-aceto-nitrile respectively. These promoting 


Table 1. Stages of Seed Development used for Hormone-Inhibitor Changes. 


Data measured | Stage A | Stage B Stage C | Stage D 
Number of seeds in 15 gm. sample 1490 | 330 165 155 
Average length of seeds ..............- 7.3 mm. 12.1 mm. 14.4 mm. | 14.4 mm. | 
Colour of seed coat uses sr cire greenish white white brownish | 
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zones are present in the ether extracts up to the time of full maturity of 
the embryo. In the aqueous extracts of the developing embryos, the ’A’ and 
’B’ inhibitors are apparently absent from the first two stages of development, 
but they appear in the third sample and reach their maximum activity in 
the mature seed. 

The presence of highly active inhibitory substances in Xanthium seeds 
raises the question as to whether they play any rôle in dormancy. The follow- 
ing experiments were carried out to obtain evidence bearing on this problem. 


Behaviour of Freshly-harvested seeds 


It is well-known that many seeds are dormant immediately after harvesting, but 
gradually emerge from dormancy during a period of dry storage (see Crocker and 
Barton, 1953). Differences in the degree of dormancy of freshly-harvested and 
older Xanthium seeds have apparently not previously been reported, but during the 
present investigation it was found that both upper and lower intact seeds are dor- 
mant immediately after attaining maturity. During a period of dry-storage, however, 
the lower seeds gradually emerge from dormancy, as was shown by testing the 
germination of samples at 2-weekly intervals from a batch af seeds of the same 
harvest stored dry at laboratory temperatures (20—22° C.). It was found that the 
samp!es of the lower seeds began to show germination after about 6 weeks’ storage 
and the percentage germination gradually increased until it reached 90 per cent 
after about seven months’ storage. Even at the end of this period of dry storage 
none of the intact upper seeds were capable of germination. It was found, however, 
that if the testas were removed from freshly-harvested or older upper seeds, the 
isolated embryos germinated readily after a few days. 

The effect of removing part of the testa from;the cotyledonary end of freshly- 
harvested upper and lower seeds was tested. It was found that when such seeds were 
planted on moist filter paper in petri dishes, the cotyledons grew slowly, leaving part 
of the testa intact over the radicle, which remained dormant even over a period of 
4—5 weeks. It seemed unlikely that growth of the radicles in such cases was limited 
solely by interference with oxygen exchange, and a possible alternative explanation 
seemed to be that growth of the radicles was prevented because the presence of the 


testa interfered with the leaching out of the inhibitors. The following experiment was 
carried out to test this hypothesis. 


Effect of Leaching on Germination of Dormant Embryos 


Twenty freshly-harvested upper seeds were soaked, with their testas intact, in 
distilled water for 48 hours. The testas were removed from a further 20 seeds, and 
the isolated embryos were soaked in water for the same period. After this initial 
soaking, the testas were also removed from the first lot of seeds. The seeds of both 
series were weighed before and after soaking and the percentage water-uptake 
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Table 2. Effect of Leaching on Germination. 


eee 
Number of germinated seeds 


Type of seed Upper seeds Lower seeds 


soaked intact | soaked excised| soaked intact | soaked excised 


NMÉPRÉTIDeNEd eee 7 20 20 20 


Freshly-harvested .............. == | 18 | 2 | 20 


determined. Both series of embryos were then placed in petri dishes directly on the 
glass, while moistened filter-papers were placed over the inner surface of the lids 
of the dishes. Both series of dishes were maintained in a humid atmosphere under 
a bell-jar, at room temperature. By planting directly on the glass of the petri-dishes, 
any further possible leaching of either series of seeds, after sowing, was prevented. 
The same procedure was repeated with (1) fresh-harvested lower seeds, (2) 1-year 
old upper seeds, and (3) 1-year old lower seeds. 

Observations were made on the subsequent germination. The embryo was con- 
sidered to be ’ungerminated’ if the radicle did not grow, even if there was some 
growth of the cotyledons. 


The results are shown in Table 2. None of the embryos, whether freshly- 
harvested or old, upper or lower, showed dormancy where the testa had been 
removed before soaking. Old lower seeds, soaked intact, also germinated 
readily. On the other hand, freshly-harvested seeds, whether upper or lower, 
did not succeed in germinating if they were soaked intact. Only 7 embryos 
out of 20 of the old upper seeds, which were soaked intact, germinated. 


There was a slight increase in water-uptake by embryos of all types of seed 
if the testa was removed before soaking. The difference in water-uptake be- 
tween old and freshly-harvested seeds is no doubt due to the fact that the 
water-content of freshly-harvested seeds is higher than that of old ones. 
It seems unlikely that the differences in germination resulting from removal 
of the testa before and after soaking are due to differences in water-content 
of the embryos. This conclusion received confirmation in a further experi- 
ment in which the embryos soaked in the absence of the testa were allowed 
to dry out for a short time after soaking, so that their water-content became 
equal to that of the other series. In spite of the elimination of differences in 
water-content, the embryos soaked in the absence of the testas germinated, 
while those soaked intact remained dormant. 

In a further experiment it was found that it was not necessary to remove 
the whole of the testa prior to soaking, but that the removal of about only 
one-quarter of the testa at the cotyledonary end resulted in germination, 
whereas removal of the same amount of the testa after soaking resulted in 
the embryos remaining dormant. 
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A. DIFFUSATE INTACT SEEDS B. D1FFUSATE EXCISED EMBRYOS 
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Figure 4. Chromatograms of diffusates and aqueous extracts of (A) seeds soaked intact 
and (B) of excised embryos. Assayed by wheat coleoptile test. 


Effect of Leaching on Inhibitor-content of Seeds 


The following experiments were carried out to determine how far leaching 
of the inhibitors is affected by the presence or absence of the testa. 5 gms. 
of intact, freshly-harvested seeds, were soaked in 150 ml. distilled water for 
48 hours at 0—5° C. At the same time, 5 gm. of naked embryos were soaked 
in 150 ml. water under the same conditions. The diffusate in each case was 
‘freeze-dried’ to 0.5 ml., and then loaded and chromatographed. The activi- 
ties of the two diffusates were simultaneously assayed by the coleoptile test. 
It was found that the diffusate from the naked embryos clearly showed the 
presence of the two inhibitory zones ’A’ and ’B’, whereas the diffusate from 
the intact seeds showed no appreciable inhibitory activity. (Figure 4.) These 
results clearly indicated that the testa is relatively impermeable to the seed 
inhibitors. That soaking the naked embryos results in an appreciable decrease 
in their inhibitor content was demonstrated by extracting both series of 
embryos used in the foregoing experiment and assaying the inhibitory acti- 
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vity following chromatography. The results are shown in Figure 4. It is 
seen that the extract from the embryos soaked in the absence of the testas 
shows considerably less inhibitory activity in the ’A’ and ’B’ zones than does 
the extract of the embryos soaked in the presence of the testa. It is evident 
that soaking the naked embryos results in considerable leaching of the 
inhibitors. 


Effect of Oxygen on Germination and Inhibitor-content of Seeds 


It was found by earlier workers (Crocker, 1906; Thornton, 1935) that 
dormant, intact upper seeds of Xanthium could be induced to germinate if 
maintained in pure oxygen. Since it had been found that unleached, freshly- 
harvested embryos would not germinate at ordinary atmospheric oxygen 
tension even in the absence of the testa, the effect of increased oxygen 
tension on such embryos was studied in the following experiment. 

Forty freshly-harvested, upper seeds were soaked, with testas intact, in 
distilled water for 24 hours at laboratory temperature. After soaking, the 
testas were removed from all the seeds, and the embryos were divided into 
two equal series and immediately planted in petri dishes under conditions 
which precluded leaching, as described previously (p. 273). One series was 
maintained in air under a bell-jar, and the other series was maintained in 
pure oxygen and high humidity. It was found that the embryos which were 
planted in air remained dormant, whereas those in pure oxygen germinated. 
This is an important result, since it would seem to indicate that the require- 
ment of intact upper seeds for increased oxygen tensions is not simply due 
to impermeability of the testa to oxygen, as had been concluded by earlier 
workers. Provided precautions are taken to prevent leaching during the ger- 
mination test (which was not observed by the earlier workers) the isolated 
freshly-harvested embryos themselves require an oxygen-tension exceeding 
that of air. 

The results of the present experiment also confirm that the failure of 
germination of the unleached embryos at normal oxygen tension is not due 
to inadequate water-uptake during soaking. 

The following experiment was carried out to determine whether increased 
oxygen tensions affect the inhibitor content of the seeds. Two samples of 
intact, dormant upper seeds were soaked in water for 5 hours and then 
planted on moist filter paper. The first sample was maintained in pure 
oxygen at 25° C., while the second was maintained in air. After 30 hours, 
at which time there were no visible signs of germination, each of the two 
samples was extracted by the usual procedure and the extracts were chro- 
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Figure 5. Chromatograms of aqueous extracts of seeds maintained in (A) pure oxygen and 
(B) air. The seeds were extracted 30 hours after planting. Assayed by wheat coleoptile test. 


matographed and assayed by the coleoptile test. It was found that the 
activity of the ’A’ and ’B’ inhibitory zones was markedly reduced in the 
seeds maintained in pure oxygen, as compared with that of seeds main- 
tained in air. (Figure 5.) Since this difference had occurred before there 
were any visible signs of germination, the promotive effect of high oxygen 
tension on the germination of the dormant upper seeds may result from 
the fact that it brings about breakdown of the inhibitors. 


Effect of After-ripening in Dry Storage 


Lower Xanthium seeds are dormant immediately after harvesting, but gradually 
emerge from dormancy during a period of dry-storage (p. 280). In the following 
experiment, the inhibitor contents of freshly-harvested and old lower seeds were 
determined to ascertain whether the changes in dormancy are accompanied by any 
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change in the activity of the inhibitor content of the seeds. On 15th September, 
nn a quantity of freshly-harvested lower seeds was placed in a refrigerator at 
—15° C., to arrest possible metabolic changes which may occur during after-ripen- 
ing in dry storage. Another sample of seeds, from the same harvest, was stored dry 
at laboratory temperatures. By 5th April, 1956, it was found that these latter seeds 
were no longer dormant and gave 75 per cent germination when tested. On this date, 
samples of the seeds stored at —15° C. and of those maintained at room temperature 
were extracted by the usual procedure, and the extracts were chromatographed and 
assayed by means of the coleoptile test. 

It was found that the activity of the ‘A’ and ’B’ inhibitors was not appreciably 
different in the two samples of seed. Thus, after-ripening in dry-storage appears not 
to affect the activity of the inhibitors. 

It seemed possible that after-ripening might result in an increased permeability 
of the testa to the inhibitors, so that they can be leached from the intact lower seeds 
when they are sown under moist conditions. It was found, however, that even with 
1-year old lower seeds, very little inhibitor is leached out so long as the testas are 
intact. Thus, no evidence could be obtained that the emergence of the lower seeds 
from dormancy during after-ripening is due to an increase in the permeability of the 
testa to the inhibitors. 

On the other hand, evidence was obtained that drying of the seeds during storage 
may result in an increase in permeability of the testas and embryo-tissues to oxygen. 
Thus, it was found that immediately after harvesting, neither upper nor lower seeds 
would germinate in air or in pure oxygen. After drying for 7 days, however, both 
upper and lower seeds gave a high germination when planted on wet filter paper 
and maintained in pure oxygen. 


Discussion 


During the present investigation evidence has been obtained that the 
dormancy of upper Xanthium seeds cannot be explained solely in terms of 
interference with gaseous exchange by the testa. Thus, it was shown that if 
precautions are taken to avoid leaching, then a high proportion of the iso- 
lated embryos from upper seeds will not germinate if maintained at ordi- 
nary atmospheric tensions, but will do so if kept in pure oxygen. These 
effects are even more clearly seen in both upper and lower freshly-harvested 
seeds. The requirements for increased oxygen shown by intact seeds is there- 
fore not wholly ascribable to the impermeability of the testa to oxygen. 
In the experiments of Thornton (1935) to determine the minimum oxygen 
requirements of isolated embryos, the latter were placed on cotton saturated 
with water, under which conditions there would be effective leaching of the 
inhibitors from the erabryos. Thornton found that under these conditions 
the minimum oxygen tensions required for germination of the upper seeds 
was 1.1 per cent i.e. considerably less than the natural oxygen tension of air. 
The discrepancy between these results and those obtained with isolated 
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embryos in the present experiments can apparently be explained on the 
basis that the figures obtained by Thornton apply to partially leached embryos. 

If dormancy of Xanthium seeds is due to the presence of the ’A’ and 1% 
inhibitors, then there ought to be some correlation between the presence 
or absence of the inhibitors and the state of dormancy of the tissues. The 
observation that the inhibitors are apparently specific to the seeds and are 
not found in the leaves and burrs of the plant, is compatible with the view 
that they play a specific part in dormancy. Moreover, the inhibitors are 
apparently almost completely absent during the early stages of development 
of embryo, but increase as the embryos approach their full size and reach 
their maximum level when the seeds are fully mature. During germination 
the ’A’ and ’B’ inhibitors disappear rapidly. Thus the main periods of 
accumulation and breakdown of the inhibitors are as expected, if they play 
a role in controlling dormancy. 

The observations on the changes in inhibitor content associated with 
soaking intact seeds and isolated embryos also agree well with the ‘inhibitor 
hypothesis’ of dormancy. It was found that whereas very little inhibitory 
material is leached out of the intact seeds, there is rapid leaching of the 
’A’ and ’B’ inhibitors from isolated embryos and a corresponding fall in the 
inhibitor content of the embryo. It would appear, therefore, that the testa 
is impermeable to the inhibitors, which are thus prevented from being 
leached out of the intact seeds. It has long been known that the testa of 
Xanthium behaves as a semi-permeable membrane (Shull, 1913). 

It was shown that the inhibitor content of the intact upper seeds decreased 
in the presence of high oxygen tensions, before there were any visible signs 
of germination, whereas in air the inhibitor content remained at a high level. 
These results suggest that the promotive effect of oxygen on the germination 
of dormant Xanthium seeds may result from the breakdown of the inhibitors 
occurring in the embryo. Evidence has been obtained that the disappearance 
of the inhibitors in the presence of oxygen is due to the activity of an oxidase 
present in the germinating embryos, (Wareing & Foda, 1956.) 

There are, however, a number of apparent difficulties for the ‘inhibitor 
hypothesis’, the most important of which is the fact that the changes in 
the depth of dormancy occurring during dry storage are not associated with 
corresponding changes in inhibitor content between freshly-harvested (dor- 
mant) and after-ripened (non-dormant) lower seeds. There is also no signi- 
ficant difference in the inhibitor-content between upper and lower seeds. 
Evidently the changes in depth of dormancy occurring during after-ripening 
in dry storage are not primarily due to changes in the inhibitor content. 
The possible nature of the changes occurring during after-ripening will be 
discussed in a later paper. 

Physiol. Plant., 10, 1957 


GROWTH INHIBITORS AND DORMANCY IN XANTHIUM SEED 279 


There is a close parallelism between the dormancy phenomena occurring 
in Xanthium seed and in lettuce seed. Thus, varieties of lettuce showing dor- 
mancy can be induced to germinate by removing the seed coat (Evenari and 
Neumann, 1952) by exposure to increased oxygen tensions (Borthwick and 
Robbins, 1928) or by pre-treatment with thiourea (Thompson and Kosar, 
1938). It has been found, (Wareing and Foda, loc. cit.) moreover, that two 
inhibitors can be extracted from lettuce seed which have the same solubility 
and fluorescence properties as the ’A’ and ’B’ inhibitors of Xanthium and 
occur at similar R; values. (It is not clear whether these inhibitors are iden- 
tical with those extracted from lettuce by Poljakoff-Mayber, et. al., 1956). 
By analogy with the phenomena in Xanthium, it would thus seem that 
inhibitors may also play a rôle in the dormancy of lettuce seed. 


Summary 


1. It is shown that both upper and lower seeds of Xanthium pennsylvani- 
cum contain two water-soluble, fluorescent, growth-inhibitors, which can 
be separated by paper chromatography. 

2. These inhibitors are apparently specific to the seed and do not occur 
in other parts of the plant. The inhibitors accumulate during the development 
of the embryo and disappear rapidly during germination. 

3. If the testas are removed from soaked upper seeds, the embryos remain 
dormant if planted under conditions which preclude leaching of the inhibi- 
tors. On the other hand, soaking in the absence of the testa removes the 
dormancy of the embryo. | 

4. It'is shown that the testas are impermeable to the inhibitors, which are 
prevented from being leached out of the intact seeds, but are rapidly leached 
from the naked embryos. 

5. The dormant unleached embryos of upper seeds may be induced to 
germinate if maintained in high oxygen tensions. The requirement of the 
intact upper seeds for high oxygen tensions for germination is thus not 
solely due to impermeability of the testa to oxygen. 

6. When intact upper seeds are maintained in an atmosphere of pure 
oxygen, there is a marked reduction of the inhibitor-content within a period 
of 30 hours from sowing, at which time there are no visible signs of ger- 
mination. 

7. There appears to be no significant difference in inhibitor content be- 
tween the upper and lower seeds. 

8. Both upper and lower seeds are dormant immediately after harvesting, 
but the lower seeds gradually emerge from dormancy during a period of 
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dry-storage. This reduction in the depth of dormancy is not accompanied 
by any change in the inhibitor-content of the seeds. It is suggested that the 
drying of the seeds which occurs during dry-storage may result in increased 
permeability of the testa and tissues of the embryo to oxygen, and thus brings 
about breakdown of the inhibitors. 
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Introduction 


In the course of measuring the transpiration decline of excised leaves of 
various plants it was found that dew-wetted leaves of some plants had a 
markedly different transpiration rate from similar unwetted leaves. This 
result suggested that the deposited water might have had some effect on the 
stomatal regulation and measurements were made to study the phenomenon 
from this aspect. Leaves of perennial Salvia! were sprayed with water in 
varying amounts and transpiration rates measured and compared with 
paired unwetted leaves. The resulting comparison showed that the stomata 
closed at a higher moisture content in the wetted leaves, the net result being 
a conservation of water within the leaves so treated. 

In the past the significance of dew for plant growth has been gauged by 
either the amount absorbed through the leaf cuticle or by its effecting a 
shorter daily period of transpiration. This account proposes a further pos- 
sibility in the degree of conservation of leaf-water through a modified stomatal 


closure. 


Method 


The measurement of transpiration decline of leaves as developed by Hygen (1) 
was used. Excised leaves were weighed at short time intervals in a controlled 


1 This Salvia has not been finally identified. A specimen plant has been deposited at 
the herbarium of the Botany Division, D.S.I.R., Christchurch. New Zealand. 
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atmosphere, the course of decline from the initial fresh weight affording a com- 
parison of the transpiring properties of individual leaves and their momentary 
physiological states. 

The evening before the measurements were made, selected branches of Salvia sp. 
were cut from the parent bush, recut under water and left with their stems in water 
overnight. In the morning the branches, still in water, were placed in daylight to 
induce stomatal opening. This preconditioning was considered necessary to get 
approximate physiological homogeneity within the leaves, i.e., water saturation of 
the transpiring tissue and maximum stomatal opening. Rapid weighings of pairs of 
leaves were begun immediately on excision, thereafter at 2—4 min. intervals during 
the first hour and then at 15 to 30 minute intervals for the remainder of the 
experiment. One leaf of each pair acted as control. Immediately after its first 
weighing, the other leaf was treated with a single spraying of water to simulate a 
deposit of dew. Subsequent weighings alternated with the untreated leaf. An air- 
damped analytical balance was used in the weighings which were carried out in 
still air in subdued daylight. Air temperature and humidity were recorded. Figure 1 
is an example of the transpiration decline of wetted and untreated leaves. With 
regard to the free water on the treated leaves, all visible moisture had evaporated 
within 20 minutes or less according to the amount applied. No reductions to a 
standard vapour pressure were made as the range of vapour pressure deficits was 
extremely small. 


The graph (Fig. 1) is plotted as log G against time where 
__ Weight of leaf (mgm) 1,000 
Fresh weight of leaf (mgm) ie 
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There are three fairly well defined stages in the transpiration process; a stomatal 
phase (a—b), where the stomata are fully open and log G decreases linearly with 
time; a closing phase (b—c), where the stomata are partly closed; a cuticular phase 
(c>), where log G is also linear, and the stomata are closed. 


In a parallel experiment, using Molisch’s infiltration technique, (Maximoy, 
2), a qualitative check was made on the time of stomatal closure in relation 
to the form of the transpiration curve. Excised leaves were treated with 
alcohol, xylol and benzol in succession at intervals over a period of an hour 
and the point at which infiltration ceased noted for each liquid. The result 
confirmed stomatal closure as lying in the period defined by the region (b—c). 

In the comparison between leaves a point of reference in the stomatal 
closure period called the turning point (TP), will be used. This is defined as 
the point of intersection of the asymptotes of the decline curve. Figure 1 shows 
that the turning point for the wetted leaf takes place at a lower leaf-water 
deficit than for the untreated leaf. 

Further, the initial rate of decline was greater for the treated leaf. The 
hypothesis that this was due to the presence of free water on the leaf surface 
was supported by a simple demonstration in which the same experimental 
procedure was used to measure the rate of evaporation from strips of a 
porous material (filter paper) and an impervious material (“Astrafoil”) 
(Figure 1). In this case the initial rate of evaporation is greater for the 
impervious material with free water on its surface than for the porous 
material. 

A further comment on preconditioning of the test plant is necessary. In 
nature, particularly when dew deposition occurs, the early morning state 
of the leaves is one of comparatively full turgidity, and conditions in the 
leaf would be not unlike those simulated by the preconditioning process as 
used here. Two experiments were carried out, to test the effect of precondi- 
tioning and the assumed physiological homogeneity of the treated leaves. 


Results 


In the first experiment, two pairs of leaves were used, Nos 36 and 37, 
preconditioned as previously, and Nos 38 and 39, the unconditioned leaves, 
were taken straight from the parent bush. One of each pair was wetted on 
excision and weight decreases followed in the usual way. Figure 2 is the graph 
of the transpiration declines of preconditioned and unconditioned leaves as 
wetted and untreated pairs. 

The unconditioned leaves show no significant conservation of water in 
the wetted leaf, whereas the preconditioned pair does show the stomatal 
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Figure 2. Effect of preconditioning on transpiration decline of leaves of Salvia. 


reaction to wetting. Quite obviously the treated leaf of the former pair had 
stomata that were partly closed at the beginning of the observations. The 
conditions prevailing within the leaf of the unconditioned plant made it 
therefore unsuitable for comparative work. In the second experiment there 
were again two pairs of leaves, but both pairs preconditioned. One of the 
first pair was wetted immediately on excision, and one of the second pair 
allowed to transpire until the deficit corresponded to approximately the 
turning point of the curve, the remaining leaves acting as controls. The result 
is shown in Figure 3. 

In the first pair, leaves 40 and 41, the transpiration decline of the wetted 
leaf was arrested after a period of time corresponding to the TP of the 
curve, by a rewetting, denoted RW, in the graph. After a further similar 
period the leaf was again rewetted, RW, in the graph. It is apparent that 
transpiration subsequent to the initial turning point returns after rewettings 
to what would have been the original cuticular phase, i.e., the Grp values: 
are maintained. In the second pair, leaves 45 and 44, the transpiration level 
is reduced after the first wetting so that the cuticular phase that follows 
shows the effect of wetting as a conservation over the untreated leaf. As both 
pairs of leaves showed similar conservation over their respective controls 
it is evident that preconditioning has induced a homogeneity within the 
group so that they react similarly. 

For the purpose of intercomparisons of leaves, as in this study, precondi- 
tioning to water saturation and full stomatal aperture is necessary. 
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Figure 3. Effect of water sprayings on transpiration decline of leaves af Salvia. 


The result of the initial series of measurements is summarized in Table 1. 
The initial moisture content of each leaf was found after drying to con- 
stant weight at 105°C and, knowing the dry weight, the moisture content at 
the turning point was calculated. 


Table 1. Summary of Transpiration Declines of Salvia. 


Fresh 
| Group Es Wt 
| " |(mgms) 
I untreated... la 159.7 
nS 1b 233.5 
a le 132.8 
AR ld 181.8 
x3 le 189.9 
II untreated .. PIE) 132.0 
wetted ...... 2b 1279 
III untreated ... 3a 152.2 
wetteder |" 3h 143.8 
IV untreated... 4a 156.0 
wetted ...... 4b 153.4 
i V untreated ... 5a 128.8 | 
wetted ...... 5b 120.4 
VI untreated... 6a 160.4 
NOL AL 6b 138.3 
sp 6c 146.6 
x 6d 132.3 


Dry Wt 
(mgms) 


33.9 
50.1 
30.0 
39.0 
38.1 


31.9 
32.5 


35.9 
32.5 


39.0 
39.0 


33.1 
27.9 


31.9 
31.0 
32.9 


23.9 


(log 
Grp) 


2.9185 
2.9310 
2.9318 
2.9162 
2.9340 


2.9140 
2.9305 


2.9325 
2.9355 


2.8950 
2.9060 


2.8915 
2.8945 


2.9157 
2.9342 
2.9480 
2.9285 


TP; 
(mgms) 


132.4 


199.2 
113.5 
149.3 
163.1 
108.2 
109.7 


130.3 
124.0 


122.5 
123.5 


100.3 
99.5 


135.1 
118.9 
130.1 
112.2 


MCo 
% dw 


371 
366 
343 
366 
7393 


314 
291 


325 
344 


300 
294 


289 
332 


403 
347 
345 
320 


MCr 


291 
298 
278 
283 
329 
239 
237 
263 
282 
314 
217 
203 
257 


324 
283 
296 


Loss to 

a A MCrp TP (mg- 

% dw | “MCo m/gm) | 

El 

| | 

OY P a 
0.814 | 147 

0.810 | 145 | 
0.773 | 179 
0.826 | 141 
0.761 | 180 
0.814 | 138 
0.809 | 144 

0.819 | 138 | 
0.714 | 214 
0.738 | 195 
0.702 | 221 
0.774 | 174 
0.804 | 178 
| 0.816 | 140 
0.883-1 113 
0.814 | 152 
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Figure 4. Relationship between MC, and MC; for leaves of Salvia. 


In Figure 4 the moisture content at the turning point (MCrp) is plotted 
against the initial moisture content (MCo) for both the wetted and untreated 
leaves. 

The linear relationship denotes a dependence of the moisture retained by 
the leaf at the turning point on the initial leaf moisture content. An analysis 
of variance made on the two sets of points from the regression lines for 
wetted and untreated leaves showed that the effect of wetting was highly 
significant. (y?=9.48. P=better than 0.01) 

On a fresh weight basis, the normalised loss of water to the turning point 
is plotted for both wetted and untreated leaves as pairs (Figure 5). 


[Deficit ee Re er a = ied 
(mgm/gm) Fresh weight 1 


All points lie below the line drawn at unit slope, i.e., in all cases there was 
less loss of water to the turning point in the wetted leaves. A t-test applied 
to these data showed a significant difference between wetted and untreated 
leaves (t=2.46, p=0.05). 

In Table 2 the conservation of water to the turning point for pairs of leaves 
is shown with respect to added water. 

(Conservation = Drp untreatea — Dre wettea) 

It will be seen from the table that, as the added water is increased, the 
trend is toward a greater conservation of water within the treated leaves. 
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Figure 5. Relationship between loss of water of leaves to TP in Salvia 
(wetted and untreated). 


Table 2. Conservation of Leaf Water in Salvia. 


Pant Nos Added water (mgm/gm Conservation (mgm/gm | 

leaf fresh wt.) leaf fresh wt.) 

3a, 3D 72 | 6 

4a, 4b 110 | 19 

5a, 5b 180 | 47 

2a, 2b 195 | 42 

6a, 6b” 213 | 26 

6a, 6b’ 273 65 

6a, 6b 310 | 38 
Discussion 


The above data show that where preconditioning of the test plant is carried 
out the moisture conservation within the leaf is enhanced by a surface 
wetting. Whether total saturation of the leaf is necessary is not yet known, 
but it is probable that the conservation is proportional to the moisture con- 
tent of the leaf between the turning point and saturation. Further work that 
is being carried out may decide this point. 

The question that arises is whether plants in their natural habitats can 
come to sufficient turgidity — which is equivalent to the experimental pre- 
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conditioning — to make conservation of moisture due to water deposits on 
the leaves possible. Also, if this is so, would the effect be cumulative on 
successive cycles. 

These points, together with knowledge of the amount of water conserved 
by the process as compared with that transpired through the cuticle will 
need to be investigated before the practical implications of this type of water 
conservation will be known. 


Summary 


Transpiration decline of preconditioned leaves of perennial Salvia was 
measured by a rapid weighing method. A comparison of untreated leaves 
and leaves sprayed with water showed that the stomatal closure took place 
in the wetted leaves at a higher moisture content. 

There was a linear relationship between the moisture content at a reference 
point in stomatal closure (the turning point) and initial moisture content of 
the leaf. The regression curves for wetted and untreated leaves showed a 
highly significant water conservation in the former. 

The conservation on a fresh weight basis appeared to be dependent on the 
amount of water applied. 

The suggestion is made that the effect of dew on plants in their natural 
surroundings may be of importance to plant water-balance from the point 
of view of physiological conditioning of the stomata. 


Thanks are due to R. L. Closs and B. J. O’Brien for assistance with the manuscript 
and to the Secretary, Department of Scientific and Industrial Research, for per- 
mission to publish this paper. 
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Metabolic Reactions to Auxin 


I. The Effects of Auxin on Glutathione and the Effects of Gluta- 
thione on Growth of Isolated Plant Parts 


By 
ERASMO MARRE and ORESTE ARRIGONI 


Institute of Botany, University of Milan 
(Received November 5, 1956) 


Since the pioneering work of Hammett (7, 8, 9) many reports have 
appeared on the relationship between sulfhydryl compounds and growth. 
Definite evidence for a determining role of protein -SH groups in growth 
by cell division in animal tissues has been recently presented by Mazia (22). 
As far as growth of the plant cell (and, in particular, growth by cell expan- 
sion) is concerned, only a few most significant reports will be mentioned 
here. Thimann and his associates have repeatedly affirmed that some -SH 
enzyme must be essentially involved in growth regulation phenomena. This 
conclusion is suggested by the observation that practically all of the -SH 
inhibitors tested inhibit growth, even when used at very low concentrations 
(4, 28, 29). Suifhydryl compounds have also been proposed as the primary 
point of attachment for growth hormones (Muir and Hansch, 23, Siegel and 
Galston, 26). An interaction “in vitro” between auxins and the -SH group 
of coenzyme A has been reported by Leopold and Guersney (12). 

A different approach to the same problem came from a series of investiga- 
tions on the physiological importance of ascorbic acid (AA) in plants carried 
on for some years in this laboratory. These have shown that AA antagonizes 
auxin in most of its effects (31—33), and that this action is to be attributed 
to its rapid oxidation to dehydroascorbic acid (DHA) within the tissues. 
This conclusion was suggested by the following observations: a) DHA is an 
effective inhibitor of several respiratory enzyme systems “in vitro” (17, 21); 
b) growth inhibition in AA-treated isolated plant parts is positively correlated 
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with the increase of the internal concentration of DHA, and not with that 
of AA (11, 19, 34). Furthermore, it has been observed that auxins inhibit 
“in vitro” AA oxidation (1, 15, 16), and that they significantly shift (also 
“in vivo”) the AA/DHA ratio towards the reduced form (14, 34). The hypo- 
thesis was therefore formulated that many of the physiological effects of 
auxin could be determined by its capacity to hinder AA oxidation in the 
tissues, and thus to maintain a low concentration of the inhibitor DHA (15, 
19, 30). Among the various possible mechanisms through which the effect 
of auxin on AA oxidation could be transmitted to metabolic functions of 
fundamental importance, one of the most probable was suggested by the 
close association of the AA-DHA system to the reduced-oxidized glutathione 
(GSH, GS-SG) system through the widely occurring dehydroascorbic reductase 
(Yamaguchi and Joslyn, 36, Mapson and Goddard, 13, Marrè and Laudi, 18). 
It was thought that an auxin-induced decrease of AA oxidation rate should 
produce a shift towards the reduced form of the GSH/GS-SG ratio, which 
would have affected the reduction state of the sulfhydryl groups, and thus 
the biochemical behaviour of several enzymes and cofactors (Racker, 25). 

These considerations led to a series of researches on the behaviour of the 
GSH/GS-SG ratio in relation to growth stimulation and inhibition. A first 
positive indication came from finding that in decapitated, auxin-deficient pea 
seedlings growth inhibition is accompanied by a rapid decrease of GSH con- 
centration, parallel to the shift of the AA/DHA ratio towards the oxidized 
form (20). 

The present report deals with a more detailed series of experiments on the 
effects of auxins and antiauxins on the GSH/GS-SG ratio, as well as on the 
effects of reduced and oxidized glutathione on the growth of isolated plant 
parts. The results of these experiments led to the following conclusions: 

a) The GSH/GS-SG ratio is closely controlled by growth-regulating sub- 
stances. 

b) Relatively small changes (however induced) of the GSH/GS-SG ratio 
have a determining influence on growth and related processes. 

The glutathione system seems thus to be considered as a very central 
mediator of the correlative stimula in plants. 


Materials and Methods 


Growth, measured as percent increase in length or in fresh weight, and the changes 
in the reduced and oxidized glutathione contents have been determined in 1 cm. 
long segments from the apical part of the third internode of 7-day-old etiolated 
Alaska pea seedlings, grown in a thermoregulated darkroom at 25°C., and in 1 cm. 
long decapitated, defoliated Victory oats coleoptile sections, prepared in the con- 
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ventional way (19). Segments and sections, after having been selected at random 
and kept in distilled water for 2 hours were disposed for treatment in large petri 
dishes containing the liquid medium (phosphate buffer 0.03 M at pH 6 in the experi- 
ments of tables 1 and 2, distilled water in the other cases) in the proportion of 
1 ml. per section or segment and the various factors, the pH having been adjusted 
with NaOH or HCl to a value of 6. No particular care was taken to avoid occasional 
exposure to moderate daylight during the preparation of the material. All changes 
were determined at intervals no longer than 3 hours from the beginning of the treat- 
ments. The number of segments per sample varied from 30 to 50; the one of 
coleoptile sections from 120 to 150. All values reported are means of determinations 
run on duplicate samples. Each experiment has been repeated at least twice. 

Reduced glutathione has been estimated in a first series of experiments by the 
nitroprusside method according to Grunert and Phillips (6). Indications of some lack 
of specificity of the nitroprusside reaction in our material (failure to completely 
inhibit the reaction by addition of an excess of p-chloromercurybenzoate) induced us 
to substitute this method with the amperometric procedure. This was used according 
to Kolthoff and Stricks (10). Tissue extracts were prepared by grinding the material 
in cold 15 per cent sulfosalicylic acid, and amperometric titration with 0,001 N 
AgNO, in the presence of ethanol and ammonia was carried out using a galvano- 
meter with sensitivity of 4X 107? A/mm. 

Oxidized plus reduced (total) glutathione was also determined amperometrically, 
following reduction with sodium sulfide, since values obtained with this procedure 
were found to be in good agreement with those obtained by the electrolytic reduc- 
tion method (Dohan and Woodward, 5). 

Oxidized and reduced glutathione were furnished by Schwarz. In one case, in order 
to test for the eventual presence of growth-inhibiting substances other than oxidized 
glutathione in the commercial GS-SG, GSH was prepared from the same by electro- 
lytic reduction. 


Results 


1. The effects of auxins and antiauxins on the GSH and GS-SG contents 
in pea internode segments and in Avena coleoptile sections 


The data of Table 1 (mean values from 6 complete experiments, nitro- 
prusside method) show how both indoleacetic acid (IAA) and 2,4-dichloro- 
phenoxyacetic acid (2,4-D) markedly increase the GSH contents in the inter- 
node segments, while no significant effect is observed for the two antiauxins 
p-chlorophenoxyisobutyric acid (p-CPIB, Burstrém, 3) and diphenylilacetic 
acid (DPAA, Bertossi, 2). On the other hand, the antiauxins when supplied 
together with either IAA or 2,4-D completely prevent the effect of the auxins 
on glutathione. 

These results are confirmed and completed by those in Table 2 (in these 
as in the following experiments both forms of glutathione were determined 
amperometrically). It may be seen that the auxin-induced GSH increase is 
accompanied by a corresponding GS-SG decrease, so that a large shift of the 
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Table 1. The effects of indoleacetic acid and 2—4 dichlorophenoxyacetic acid and of anti- 
auxins p-chlorophenoxyisobutyric acid and diphenylilacetic acid on GSH contents in pea 
internode segments. Time of treatment: 3 hours. (Nitroprusside method). 


| GSH, pmol/gm. of the % difference from the 

SCAN initial fresh weight control 

(Controls) ere certe 0.72 | — 

TAA DSC 10253 M Ei Re enr A) 0.81 | + 12.5 

TARA DCPIBEBX 10-2 ME en | 0.73 | + 1.4 

IAA+DPAA 2X1074 M ..........) 0.73 + 14 

PCRIBFSS10 EM ee 0.71 — 14 

DPAATINTO EME een ee 0.69 — 4.2 

DA D 1020 MT Re ces ces ee | 0.89 + 23.6 

24-1) te PGPLB Er ee ne er. 0.74 27 


GSH/GS-SG ratio towards the reduced form is observed in the pea internode 
segments as well as in the Avena coleoptile sections. 

The results in Table 3 show that the glutathione response to auxin is very 
rapid, as its maximum is already reached no later than 20 minutes after the 
beginning of the treatment: a fact which is in agreement with the previously 
observed precocity of the GSH decrease following decapitation in the pea 
seedlings (20). 

It may be concluded from these data that auxins at growth-stimulating 
concentrations markedly shift the glutathione balance in favour of the 
reduced form. Moreover the fact that antiauxins completely prevent this 
effect provides a first indication of a close connection between the action of 
the hormone on glutathione and on growth. 


2. The effects of ascorbic acid on the GSH/GS-SG ratio and on growth 


That AA at concentrations similar to those found in plant tissues inhibits 
growth of isolated plant parts has already repeatedly been shown in this 
laboratory (32, 19, 34) and recently confirmed by Nitsch (24). The real 
inhibitor in the case of AA treatment seems to be the oxidized form DHA, 


Table 2. The effects of indoleacetic acid on GSH and GS-SG concentration in pea internode 
segments and in Avena coleoptile sections. Time of treatment: 3 hours. 
(Amperometric method). 


m eee 


Mail | GSH, „mol/gm. ini- GS-SG, ttmol/gm.ini-| GSH/GS-SG 
tial fresh weight | tial fresh weight ratio 
Pea segments (Controls) ...... | 0.66 0.30 2.2 
» » IAA 5X1075 M .. 0.85 0.19 4.4 
Avena coleopt. (Controls) ..... 0.35 0.18 1.9 
= ” IAA 105M .... 0.48 0.11 4.3 
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Table 3. Precocity of the glutathione reduction effect in auxin-treated pea internode seg- 
ments. (Amperometric method). 
——_—.——————__—__ "A 


Time in GSH, pmol/gm. initial | GS-SG, pmol/gm. ini- 4 ; 
IAA 5X105 M | fresh weight tial fresh weight BASE ENT 
Ve ee ee 0.79 0.45 1.7 
ADMIN EE - lee os | 1.08 0.31 3.4 
DS CES RER | 0.99 0.34 2.9 
PUS À PRO 1.05 0.32 32 


rapidly increasing in the tissues (11, 19, 34). An effect of AA treatment on 
the GSH/GS-SH ratio appeared therefore quite probable, as DHA is known 
to oxidize GSH to GS-SG through the enzyme dehydroascorbic reductase. 

The data of Table 4 fully confirm this hypothesis: the GSH/GS-SG ratio 
is progressively shifted in favour of the oxidized form, and growth is pro- 
gressively inhibited by the increase of AA concentration in the medium. This 
phenomenon is observed both in the presence and in the absence of IAA; 
in the former case the two opposite actions of the hormone and of the 
inhibitor appear to eliminate each other somewhat. 

These findings therefore provide further support for the idea of a close 
connection between the glutathione reduction state and growth. At the same 
time they confirm the hypothesis that the growth-inhibiting action of AA 
depends on its transformation into DHA, and, at least partially, on the capa- 
city of DHA to oxidize GSH. 


3. Growth and the GSH/GS-SG ratio in surface-breaking and in submerged 
pea internode segments 

It is well known (28) that growth of isolated plant parts is significantly 
inhibited when these are kept submerged, instead of breaking the surface 
of the medium. This phenomenon offered a further, most simple way of 


Table 4. The effects of treatment with ascorbic acid on the GSH and GSH/GS-SG ratio and 
on growth in pea internode segments. Time of treatment: 2 hours. (Amperometric method). 


GSH, pmol/ gm. |GS-SG, pmol/gm. En Growth as % in- 
Treatment initial ae initial fresh Ch 2S crease inlength 
weight weight from initial 

MiTo ie... 0.72 0.31 23 9 
DE ME Se 0.61 0.36 12 7 
EVE CONTE SRE 0.60 0.38 1.6 6 
AAMC EN ois cc.0.e as 6 0.85 0.25 3.4 22 

4 » +AA 10 M ... 0.71 0.29 2.4 18 | 
7 » +AA3X10 M 0.68 | 0.31 2.2 12 
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Table 5. The behaviour of growth and of the GSH/GS-SG ratio in floating, aerated and 
submerged pea internode segments. Time of treatment: 2 hours. (Amperometric method). 


GSH, pmol/gm. |GS-SG, tmol/gm. Growth, as % 


Treatment initial fresh initial fresh HU increase in lenght 
weight weight ä from initial 
Eloalingem engere 0.70 0.31 
re , Oo bubbled 0.68 0.31 
Submerged Sa. ss ae 0.53 0.39 


testing the validity of the parallelism between growth and the behaviour of 
the glutathione balance. 

Table 5 shows how in the submerged segments, in which growth is 
reduced to about 1/2 of that of the aerated or surface-breaking segments, the 
GSH contents decreases, and GS-SG increases, so that the ratio drops from 
2.2 to 1.2. The correlation between growth and the GSH/GS-SG ratio is thus 
quite eloquently confirmed by this experiment. 


4. The effects of reduced and oxidized glutathione on growth 


The fact that, in the above-mentioned experimenis, growth stimulation 
has always been accompanied by an increase of the reduced form, and growth 
inhibition by that of the oxidized form of glutathione, does not in itself 
provide any direct information about an eventual cause-effect relationship 
between the two phenomena. One could, for example, have thought that in 
the auxin-treated tissue an increase in the activity of dehydrogenase systems 
should have caused, simultaneously and independently, growth stimulation 
and glutathione reduction; in fact, several similar schemes may easily be 
imagined. 

A possible approach to the problem of the meaning of the change of the 
GSH/GS-SG ratio, as far as growth is concerned, seemed to be the investiga- 
tion of the effects of GSH and of GS-SG, when externally supplied, on growth 
of isolated pea segments and Avena sections, accompanied by the determina- 
tion of the changes induced by such treatments on the GSH and GS-SG 
contents in the tissues. 

The experiments of Table 6 provide strong evidence in favour of a deter- 
mining role of the glutathione reduction state in growth regulation. It is 
observed that: 

a) GS-SG, at concentrations between 310-4 and 310-3 M markedly 
inhibits the growth of the pea segments as well as of the coleoptile sections. 
This effect does not seem to be due to impurities present in the commercial 
GS-SG, as it disappears after electrolytic reduction of the same. 

b) GSH has no significant effects on the growth of the Avena coleoptiles, 
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Table 6. The effects of GSH and GS-SG on growth of pea internode segments and Avena 
coleoptile sections. Time of treatment: 3 hours. 


: Internal cone at the end Internal Growth, as % 
Material Treatment of the exper., in pmol/gm.| GSH/GS-SG | increase in 
in fr. weight ratio length 
mi 
Pea seg- IWAN SETS TE, oe 0.84 0.18 4.6 24 
ments CSS CLOS Me 1.45 0.33 4.4 20 
= LOSE ens = — — 23 
À PS CLOSE — — _- 29 
» GS-SG3X10-3 M — — — il 
es op Ons 1.28 0.51 2.5 16 
® ay RE: = — — 20 
Avenascol. | IAA 10° M ........ = — — 27 
» GSH103 M — — — 26 
A) aoe CLO mon. = = 27 
»  GS-SG 10-3 M == = = 17 
æ 3 LO Mi) = = = 22 
” ” 1074 M F + TT? ile 25 


whereas at the highest concentration it slightly inhibits, and at the lowest 
it stimulates growth of the pea internode segments (a positive effect of GSH 
on growth of oat internode sections has been reported by Nitsch, 24, though, 
with a completely different interpretation). 

c) As easily foreseen, both GSH and GS-SG when externally supplied are 
partially transformed; once penetrated in the tissues, the reduced form into 
the oxidized and conversely. The rate of GS-SG reduction, however, appears 
somewhat slower than the opposite reaction, so that the ratio is markedly 
shifted towards oxidation when GS-SG is added to the medium. On the other 
hand it is not significantly affected in the case of treatment with GSH; even 
with the highest GSH concentration used, a slight change towards oxidation 
is observed. 

d) A significant correlation appears, once more, between the observed 
internal GSH/GS-SG ratio and the growth response; while no similar correla- 
tion is found between the absolute concentration of each form and the be- 
haviour of growth. It would appear that it is the value of the ratio itself 
which is of importance for growth. This should be expected in the case 
where the glutathione effect on growth were mediated by a reversible reac- 


tion of the type: 
RS-SR +2 GSH = 2 RSH+GS-SG 


where RS-SR represents the inactive, and RSH the active form of some 


enzyme or cofactor actively involved in growth. 
Similar conclusions may be drawn from another observation. When the 
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Table 7. The effects of agitation on the internal GSH/GS-SG ratio and on growth in pea 
internode segments. Time of treatment: 2 hours 30 minutes. (Amperometric method). 


GSH, tmol/ | GS-SG kmol/ GSH/GS- Growth as YA Growth as D 
Treatment gm. initial | gm. initial SG ratio | increase in increase in 
fresh weight | fresh weight fresh weight length 
IAA 5.51075 M, rest... 1.00 0,30 3.3 20 22 
D agitation... 1.15 0.24 4.8 27 24 
» » »GS-SG 15x10 
IM Testen: 2.10 0.95 2,2 11 12 
» » »GS-SG 1.51075 
M agitation ... 2.65 0.53 | 5.0 26 23 


pea segments are agitated in Warburg vessels, instead of being maintained 
as usual in motionless petri dishes, the inhibiting effect of GS-SG disappears. 
This can depend only on the single varying condition, that is agitation instead 
of rest of the medium and of the segments. When at the end of the experi- 
ment the internal GSH/GS-SG concentration in both the resting and the 
agitated segments is determined (Table 7), here again a striking parallelism 
between this ratio and growth is observed: the disappearance of the inhibiting 
action of the externally added GS-SG being concomitant with its rapid trans- 
formation into GSH and by a consequent high value of the GSH/GS-SG 
ratio within the agitated segments. 

It seems interesting in this connection to remember that Trezzi in this 
laboratory has recently observed that agitation in the Warburg vessels tends 
to increase the AA/DHA ratio as well as the growth of pea internode seg- 
ments: a fact which, compared with the present findings, provides a further 
evidence in favour of a close connection between the ascorbic and the gluta- 
thione systems, as well as between the same and growth. 


Discussions and Conclusions 


The results presented above may be summarized as follows: 


I. Auxin markedly and precociously affects the GSH/GS-SG ratio, shifting 
it in favour of the reduced form. 


II. This effect of auxin is closely associated with that on growth. 
IT. Even in the absence of externally supplied auxin, treatments or 
factors which increase the GSH/GS-SG ratio promote growth, and vice-versa. 


The ratio value, and not the absolute GSH or GS-SG concentrations, seems 
directly correlated with growth. 
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The parallelism here observed between the reduction state of glutathione 
and growth is so impressive, that one cannot avoid postulating a direct rela- 
tionship between the two conditions. 


This conclusion appears in fundamental agreement with most of the 
previous findings about growth-affecting factors. For instance, it would con- 
cord quite satisfactorily with the results about the almost specific growth 
inhibition by -SH reagents (4, 28, 29). Thimann and Bonner (28) have 
reported that the 50 per cent inhibiting concentration for four of these 
reagents ranges between 2X 105 and 6X10-# M for the pea segments, and 
between 10~° and 610~° for the Avena coleoptiles. The internal GSH con- 
centration resulting from the present work is of about 7X 10%, for pea siems, 
and of 3X 10-2 M for Avena coleoptiles. Considering that it is very probable 
some accumulation of the -SH reagents takes place within the tissues, as a 
consequence of their interaction with the -SH groups in the cells, and con- 
sidering also that GSH is one of the compounds which most easily react with 
such reagents, it seems that growth inhibition in these cases could well be 
explained in terms of a shift of the GSH/GS-SG ratio towards oxidation. 
This possibility does not, of course, exclude the specific, direct inhibition of 
some particular enzyme, but shows that it is not necessary, on a rigorous 
ground, to take recourse to such a mechanism. 


Even in the case of growth inhibition by compounds other than -SH 
reagents, a probable effect on the GSH/GS-SG ratio could easily be imagined, 
for example for phloridzin, which inhibits growth at the same concentration 
10? M (Thimann and Marrè, 27) and is reported to cause 100 per cent 
inhibition of glutathione reductase, the main enzyme responsible for the 
maintenance of glutathione in the reduced state (Vennesland and Conn, 35). 
Moreover, the fall of the GSH/GS ratio in the submerged segments appears 
to be considered as a consequence of insufficiént respiration, thereby sug- 
gesting the existence of a link between oxidative metabolism and the gluta- 
thione reduction state. Respiration inhibitors could, therefore, affect growth 
also through an indirect action on the glutathione balance. 

But the main problem to be considered here is the one of the cause-effect 
relationship between auxin treatment, changes of the GSH/GS-SG balance, 
and growth and related processes (as respiratory activation). What is the 
position of the glutathione effect in the sequence of metabolic reactions set 
loose by auxin? Is it a mere consequence of some other more general auxin 
effect. or rather a necessary link between the primary effect of the hormone 
and its ultimate physiological action? 

Even although further researches are necessary to elucidate this alter- 
native. we feel that some definite indications strongly suggest that the role 
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of glutathione is an essential one in mediating the auxin action in the plant 
tissues. One could summarize these indications as follows: 


1) The regulation of the GSH/GS-SG ratio is well known as a most im- 
portant mechanism for the control of enzyme activity and protein structural 
characteristics (The field has been recently reviewed by Racker, 25). 

2) The inhibiting effect of GS-SG when externally supplied indicates that 
a change of the GSH/GS-SG ratio in itself is capable of affecting growth. 
The same conclusion, though with a minor degree of evidence, is supported 
by the abovementioned parallelism between changes of the ratio and of 
growth in the submerged, agitated or surface-breaking segments. 


3) The effect of auxin on respiration is perhaps better understood as a 
consequence than as a cause of the glutathione effect. The increase of 
reduced glutathione in the auxin-treated tissue can be interpreted as due 
either to an increased rate of reduction of GS-SG by the TPN-linked dehydro- 
genase- and glutathione reductase systems, or to a decreased rate of oxid- 
ation of GSH by some system or compound capable of accepting electrons 
from this substrate. Among these, the most important one is certainly de- 
hydroascorbic acid, which is reduced by GSH and dehydroascorbic reductase 
to AA. This in turn is converted again to DHA by several AA oxidizing 
systems. Now, it is interesting to remember that, as already stated in the 
introduction, AA oxidation is perhaps the only reaction reproducibly in- 
fluenced “in vitro” by auxin at physiological concentrations; and that the 
AA/DHA ratio is significantly shifted “in vivo” towards reduction by auxin 
treatment. Glutathione reduction could thus easily be achieved by auxin 
through the inhibition of AA oxidation, the consequent lowering of DHA 
level, and, finally, the decrease of the GSH oxidation rate. Dehydrogenase 
(and thus respiration) activation would then be carried on by the highly 
reduced glutathione system. 

On the basis of the above-mentioned considerations the most probable 
position of the glutathione effect in the sequence of reactions initiated by 
auxin in the plant cell could be schematized as follows: 


(Direct effect of DHA decreased) 


Activation of dehydro- 
genases and res- 
piration 


= 


AA Oxidation inhibi.’ 
| AUXIN > ted, DHA concentra- 
ES Pe tion decreased 


Effects on -SH groups 
of enzymes and 
cofactors 


GSH/GS-SG Ze . 
increased N 


=> 


GROWTH 


> 
Effects on transpepti- 


dation reactions and 
protein synthesis 
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Summary 


The effects of auxin and other factors affecting growth on the intra- 
cellular reduced/oxidized glutathione ratio, and the effects of externally 
supplied, reduced and oxidized glutathione on growth of isolated segments 
from pea internodes and Avena coleoptiles have been investigated. It has 
been observed that: 


1. IAA and 2,4-D at optimal growth-stimulating concentrations markedly 
increase GSH concentration in the treated tissues. The antiauxins, p-chloro- 
phenoxyisobutyric acid and diphenylilacetic acid, do not affect glutathione 
when added alone, but if supplied together with IAA or 2,4-D they com- 
pletely prevent the effects of these auxins on glutathione as on growth. 

2. The auxin-induced GSH increase is accompanied by a corresponding 
decrease of GS-SG. The consequent increase of the GSH/GS-SG ratio is quite 
rapid, its maximum being reached no later than 20 minutes after the be- 
ginning of the auxin treatment. 

3. Ascorbic acid, added to the medium in growth-inhibiting concentra- 
tions, induces a decrease of GSH and a parallel increase of GS-SG. This 
effect, similarly to the one on growth, is interpreted as due to the rapid trans- 
formation of AA into DHA within the tissues. 

4. A sharp shift of the GSH/GS-SG ratio towards oxidation accompanies 
growth inhibition in submerged pea internodes, as compared to those aerated 
or floating on the surface of the medium. 

5. Oxidized glutathione at concentrations between 2<10~* and 3X1073 M 
markedly inhibits growth of pea internode segments and Avena coleoptile 
sections. Reduced glutathione at moderate concentrations slightly stimulates 
growth of the pea segments. 

6. The inhibiting effect of oxidized glutathione on growth disappears if 
the segments and the liquid medium are agitated instead of being kept still. 
In this case the analysis of the intracellular GSH/GS-SG ratio shows that a 
major part of the externally supplied GS-SG once penetrated in the tissues 
has been reduced to GSH so that the GSH/GS-SG ratio appears very near 
that of the controls. 

From these results, as well as from those of previous researches, it is con- 
cluded that the glutathione reduction state is significantly and precociously 
affected by auxin, and that the induced changes of the GSH/GS-SG ratio 
are in themselves capable of influencing growth. 

The authors wish to express their thanks to Prof. Sergio Tonzig for his kind 


encouragement and helpful discussions. This investigation has been supported by 
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Varying percentages of chlorophyll deficient seedlings are often observed 
in citrus seedbeds. This phenomenon, often reffered to as “albinism” occurs 
in Citrus sinensis (Sweet Orange), C. aurantium (Sour Orange), C. paradisi 
(Grapefruit), C. grandis (Shaddock), C. reticulata (Mandarin), C. auranti- 
folia (Palestine Sweet Lime), C. limon (Rough Lemon), Poncirus trifoliata 
(Trifoliate Orange) and possibly other species of citrus. The chlorophyll 
deficient seedlings are white, yellowish white, greenish or variegated and 
may occasionally become partly or wholly green later. Since as many as 
100 per cent of the seedlings in a seedbed may show this abnormality, it is 
often a problem of some economic importance to the nurseryman. 

Poncirus trifoliata and most species of Citrus are polyembryonic. In almost 
all cases, the extra embryos develop from the nucellus and not as a result of 
fission of the fertilized egg cell (Frost, 1926). Since two or more chlorophyll 
deficient seedlings frequently develop from a single seed, albinism cannot 
therefore be explained solely on the basis of sporogenesis and recombina- 
tion in fertilization. 

Perlberger and Reichert (1938) studied the effect of various factors on the 
incidence of albinism and found that the percentage of chlorophyll-deficient 
seedlings could be reduced by a preliminary soaking of the seeds in solutions 
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of mercury-containing disinfectants or salts of mercury, nickel, cobalt or 
copper. 

A study was begun in 1948 on factors which might cause albinism in eitrus 
seedlings. Since the germination of citrus seeds is slow and extends over a 
relatively long period, a method of speeding up the germination was sought 
and when removal ofthe seedcoats was resorted to for this purpose, it was 
found that no chlorophyll deficient seedlings developed. Consequently, the 
possibility that the seedcoat might be involved in the phenomenon of albinism 
in citrus seedlings was investigated. 


Materials and Methods 


Citrus fruits were obtained from the orchard of the Department of Sub- 
tropical Horticulture, Los Angeles. The seeds were removed within 24 hours 
before the beginning of an experiment and sown at a depth of 1 inch in sand 
or vermiculite in wooden flats or earthenware pots. It was usually necessary 
to allow the seeds to dry for a few hours to facilitate handling and sowing. 
Germination took place in an unheated greenhouse. In some treatments, a 
single slit was made in the seedcoats from the micropylar to the chalazal 
end with a sharp knife and in other cases seedcoats were removed from the 
seeds by hand. In some treatments where the effect of seedcoats on excised 
embryos was tested, a layer of seedcoats was placed on the vermiculite or 
sand in the pots and the excised embryos were placed on this layer and 
covered with another layer of seedcoats. Vermiculite or sand was then added 
so that the embryos were at a depth of approximately 1 inch. 

Germination was usually completed in about two months and at the end 
of this period the number of chlorophyll deficient and green seedlings was 
noted. 


Results and Discussion 


The results of several experiments on the effect of the seedcoat on albinism 
in citrus seedlings are presented in Table 1. As a result of the phenomenon 
of polyembryony, more seedlings were often obtained in a treatment than 
the number of seeds sown. 

In all these experiments the incidence of albinism was less than 1 per cent 
when the seedcoats were removed and the excised embryos sown alone. 
Since slitting of the seedcoats did not result in a decrease in the percentage 
of chlorophyll deficient seedlings, it seemed clear that the permeability of 
the seedcoats to gases or water was not a factor affecting albinism. The 
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Table 1. The effect of slitting the seedcoats, removing the seedcoat and of germinating 
excised embryos in contact with the seedcoat on the incidence of albinism in citrus 


seedlings. 
———————_—_—p PL 
= Number | Duration Total Percentage of 
Eape- ER a of seeds |of experi- ber of Chlorophyll 
a Species,» | Treatment per treat- mentin peat deficient 
ment | ment days |°°° IDES| seedlings | 
1 |Citrus Seeds intact"... 600 64 731 36 
paradisi | Seedcoats removed ..... 600 64 760 0.1 
(Grapefruit) | 
2 |Citrus | Seeds intact ........... 600 57 395 45 | 
paradisi Seedcoats removed . .... 600 57 737 0 | 
3 |Citrus Seeds intact... .uu.: | 240 69 236 94 | 
paradisi Seedcoatsasulg.ree. esis 240 69 139 99 
Seedcoats removed . .... 240 69 248 0.5 
| | 
4 |Citrus 1 Seeds) intachr. rer... 300 38 314 6 
| paradisi Seedcoats slit .......... 300 38 385 9 
| Seedcoats removed ..... 300 38 395 0.2 
| Excised embryos in con- 
| tact with seedcoats... 300 38 365 28 
5 {Citrus | Seeds mtact ... Rtas. 100 64 38 24 | 
sinensis | Seedcoats removed . .... 100 64 93 0 
(Sweet | Excised embryos in con- 
Orange) | tact with inner layer 
|) CL SEEUCOEG re 100 64 97 26 
6 |Citrus Seeds intactes sees see 100 53 102 29 
sinensis | Outer layer of seedcoat 
| Yemoved ............ 100 53 142 1 
| | Both layers of seedcoat | 
remoyed®. #72. 100 53 99 0 
Excised embryos in con- 
tact with inner layer 
of seedcoat "6... 100 53 97 3 
Excised embryos in con- 
tact with outer layer 
of seedcoat .......:.. 100 53 94 6 
Excised embryos in con- 
tact with both layers 
of seedcoat .......... 100 53 89 36 | 


fact that chlorophyll deficient seedlings were obtained when excised embryos 
were germinated in contact with seedcoats indicated that some factor in the 
seedcoats was inhibiting chlorophyll formation. 

In citrus seeds, the seedcoat consists of a thin, coloured inner layer and a 
thicker, woody outer layer. These layers can easily be separated from each 
other. The treatments designed to determine whether the factor inhibiting 
chlorophyll formation resided in the inner or outer layer of the seedcoat 
yielded equivocal results. In experiment 5, the inner layer alone was effec- 
tive in causing albinism, while in evperiment 6, the presence of both layers 
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Was necessary for the maximum development of chlorophyll deficient 
seedlings. 

The nature of the factor inhibiting chlorophyll formation is at present 
not clear. Perlberger and Reichert’s (1938) results indicate that this factor 
is inactivated by treatment with mercuric and other salts. Ryan and Stein 
(1956) have shown that albinism in citrus seedlings may be prevented by 
treatment of the seeds with several fungicides and suggest that a fungus 
may be involved. In preliminary experiments, where they inoculated seed 
with fungi isolated from germinating citrus seeds, there were strong indica- 
tions that chlorophyll deficient seedlings appeared only when certain fungi 
were present. 

The incidence of albinism is highly variable, since even seeds obtained 
from the same tree at different times of the year differ greatly and inexplicably 
in the number of chlorophyll deficient seedlings produced. In several experi- 
ments, no chlorophyll deficient seedlings appeared at all in any of the treat- 
ments. 

These results may have some practical application in citrus breeding pro- 
grammes or where limited supplies of expensive seed are available. Removal 
of the seedcoats, although time-consuming, should ensure that practically 
no chlorophyll deficient seedlings occur. 


Summary 


The incidence of chlorophyll deficient seedlings in citrus could be eliminated 
by removing the seedcoats prior to sowing. When excised embryos were 
germinated in contact with seedcoats, varying percentages of chlorophyll 
deficient seedlings were obtained. These results indicate that a factor in- 
hibiting chlorophyll formation may be present in the seedcoats of citrus 


seeds. 
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Using a modified potassium permanganate method as a test for ethylene, 
Hall (2) found that untreated detached cotton leaves produced reducing 
substances reported as ethylene, and that chemical defoliating agents enhanced 
this production (3). Other evidence (3) was reported in 1952 to support the 
auxin-ethylene balance hypothesis of foliar abscission. Biale (1) and Pratt (7) 
have questioned the specificity of the potassium permanganate test for 
ethylene. Subsequent experiments in our own laboratory have confirmed 
that the permanganate method measures reducing substances other than 
ethylene, hence resulting in higher values than are obtained with more spe- 
cific and more recently developed methods (8, 10). Therefore, since 1952, 
a number of the earlier experiments on ethylene production by excised cotton 
leaves have been repeated using more specific techniques. Truchelut (8) 
developed an indirect colorimetric analysis for ethylene based upon the 
initial absorption by mercuric perchlorate (10) to form an ethylene-mercury 
complex and subsequent reaction of the complexed mercury with S-diphenyl 
carbazone. Both intact cotton plants and detached parts were found to 
produce measureable amounts of ethylene as determined by this method (8). 
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Duplicate aliquots from the same sample of complexed ethylene-mercuric 
perchlorate have given comparable ethylene content by either the colori- 
metric (8) or manometric (10) analysis. 

Employing the mercuric perchlorate absorbing solution with manometric 
quantitative analysis of the gas after liberation from the complex, Pratt (7) 
has given direct proof of ethylene production by detached leaves of milk 
thistle (Silybum marianum Gaertn). Melting points of ethylene derivatives 
prepared from the liberated gas further identified it as ethylene. 

During the last four years we have made a number of measurements on the 
production of ethylene by excised parts and at critical developmental stages 
of the cotton plant (Gossypium hirsutum L.). Two seasons’ data have been 
recorded on the response of cotton in the field to ethylene air pollution from 
an industrial polyethylene plant, and attempts have been made to duplicate 
these effects under controlled conditions. The purpose of the present paper 
is to report these results and observations and to point out the extreme 
sensitivity of the cotton plant to both ethylene and auxin and the apparent 
similarity of a number of responses induced by the two plant regulators. 


Ethylene Production by Intact Cotton Plants and Detached Organs 


Materials and Methods 


For the experiments reported in this paper, the Stoneville 2 B variety of cotton 
was used. The plants were grown in the greenhouse in sand and watered periodically 
with a.complete nutrient solution. Ethylene preduction was measured at four critical 
developmental stages as follows: young seedlings with well-developed cotyledons 
and one small true leaf, young vegetative plants with four to six true leaves, early 
flowering plants at squaring and first open flower stage, and fruiting plants where 
the lower bolls were starting to dehisce. In addition, the ethylene produced by two 
groups of mature plants after spraying with a sub-lethal (1 per cent aqueous) and a 
toxic (3 per cent aqueous) solution of a sodium chlorate-sodium borate defoliant, 
and from untreated, detached, mature, healthy leaves, detached senescent leaves, 
and from detached bolls was determined. The intact mature plants had approxi- 
mately 50 per cent of their bolls open at time of treatment. The senescent leaves 
were mostly yellow with occasional green areas, and the bolls were mature but 
unopened. Both leaves and bolls were obtained from field plantings. Seedlings, 
young vegetative plants, and detached leaves were cut at the ground line or were 
removed from the plant, weighed, and the cut stem or petiole ends placed in water 
during the collection periods. The potted flowering, fruiting, and mature plants 
were watered prior to their placement in the chamber. The above-ground parts of 
comparable intact plants from the same lot were weighed to obtain the approximate 
weight of the intact plants used in the experiments. 

Two chambers were used to enclose the plant samples for the determination of 
ethylene production. The detached plant parts, seedlings, and young vegetative 
plants were enclosed in a small, airtight Plexiglas chamber 505050 em., and 
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having a volume of 125 liters. The intact potted early flowering plants (two per 
3-gallon glazed jar), and fruiting and mature plants (one per 3-gallon jar) were 
placed in a large Plexiglas chamber approximately 60X120X120 cm. having a 
volume of 864 liters (Figure 1 A). One end of the chamber was made removable, 
and after introduction of the plant sample, it was secured tightly in place against a 
cork gasket by bolts and wing nuts. Gas inlets and outlets from the chambers were 
provided by cementing Tygon tubing tightly in holes drilled through the plastic 
walls. The outlet tubing was connected to the evacuation train during collection 
periods. 

The absorption apparatus differed from that used by others (9, 10) only in minor 
details. The absorber columns consisting of an inner Pyrex tube (15 mm. internal 
diameter and 80 cm. long with a bulb at the top to prevent overflow) contained the 
mercuric perchlorate absorbing solution. The gas inlet at the bottom of the inner 
tube was attached to a sintered Pyrex diffuser (Corning 39533, C porosity) held 
in position by a soft rubber stopper. The inner tube was jacketed by an outer glass 
tube with an outside diameter of 33 mm. and 76 cm. long. The outer tube was 
sealed at either end and fitted to receive inlet and outlet tubes for regrigerated 
cooling brine. The outer tube was insulated and waterproofed by a coating of painted 
asbestos — asphalt paste. A centrifugal pump circulated the coolant. through the 
outer jacket of the absorber columns from a reservoir containing cooling coils 
immersed in an ice-salt mixture. A 25-pound charge of ice maintained a satisfactory 
temperature (+1°C.) in the columns for about six hours. 

Air was pulled through the apparatus by a Hyvac pump operating through a 
20 liter Pyrex bottle which acted as a surge chamber. Air flow rate was varied from 
200 to 400 ml. per minute per column depending on the experiment, and was con- 
trolled by a needle valve between the columns and the surge chamber and by means 
of Hoffman clamps on the Tygon tubing at the top of each column. Two absorber 
columns were used in series, each with 25 ml. of 0.25 M mercuric perchlorate in 
1 N perchloric acid containing 2 per cent by volume glycerol which provided a fine, 
persistent foam. Absorption was usually complete in the first column, and the second 
column was used mainly as a safety factor. 

When intact plants were in the chamber, the low light intensity of the laboratory 
was supplemented for 10 to 12 hours per day with six 300-watt incandescent lamps 
with reflectors spaced around the cabinet at an average distance of two feet. Lights 
were turned off during the night, and the brine and vacuum pumps were stopped 
after clamping off the inlet and outlet tubes to the chamber. The ethylene evolved 
was allowed to accumulate overnight, and the chambers were evacuated for 10 to 
14 hours the following day. At the end of the absorption period each day, reversal 
of the pressure gradient forced the absorber solution into flasks below each column. 
The flasks were stoppered and stored at 0°C., and the absorber solution returned 
to the columns prior to the next evacuation period. Two ml. aliquots were with- 
drawn after two days of absorption and at the end of the experiment for quantitative 
manometric analysis by the method of Young, Pratt and Biale (10). 


Results and Discussion 


Representative ethylene measurements for non-treated intact plants and 
detached parts, and for defoliant treated mature plants are given in Table 1. 
Physiol. Plant., 10, 1957 


ETHYLENE PRODUCTION BY THE COTTON PLANT 309 


Table 1. Ethylene production of intact cotton plants and detached organs. All values at 
S.T.P. (Standard temperature and pressure). 
Ne ee 


| Development stage and |Length ofexp. Total ml. CH,—CH, ml. CH,=CH, per 
treatment in hours measured Kg. fresh weight 
Pet PE 


f 


Intact plants 


SCC on du sc tte c 104 | None None 
favoung vegetalive :.::............ 94 | 0.22 0.099 
ipanly, reproductive .............. 96 6.42 1.34 
| NEE ee er ane 6 an 104 16.10 1.96 
Mature-non lethal defoliant treated 102 20.50 2.44 
| Mature-lethal defoliant treated . .. 96 0.33 0.04 
Detached parts 
Mature green healthy leaves ..... 102 0.14 | 0.13 
Senescent chlorotic leaves . ...... 102 None None 
Mature unopened bolls .......... 144 0.09 0.04 


When intact plants and large amounts of tissue were used in the chambers, 
the relative humidity was high, as evidenced by condensate on the plants 
and sides of the chambers. As noted in preliminary experiments (8), signi- 
ficant amounts of ethylene were not produced until the onset of the reproduc- 
tive stage. This may indicate that ethylene production is associated with the 
initiation of flowering in cotton. Field data relative to this will be discussed 
in a later section. Apparently, seedling or young cotton plants either do not 
produce or produce extremely low amounts of ethylene. However, during 
enclosure of seedling plants in the chamber, the cotyledons and most of the 
true leaves abscised. Mature but active plants produced the highest amounts 
of ethylene; this production was further increased by treatment with a non- 
lethal but defoliation-inducing chemical. This data confirms previous reports 
(3, 4) in which non-specific tests were used to measure ethylene production 
from defoliant-treated cotton leaves. 

When the concentration of the defoliant was increased to a toxic level 
and most of the leaves became badly injured and partially desiccated within 
24 hours after application, the amounts of ethylene collected were negligible 
(Table 1). 

This may partly explain why leaves dry and “freeze” on the plant rather 
than defoliate when the more toxic or higher rates of defoliants and desic- 
cants are applied. Unpublished work of Leinweber and Hall (6) shows that 
respiration in cotton leaf tissues becomes rapidiy and sharply reduced fol- 
lowing treatment with toxic defoliants. 

Young tomato plants placed in the chambers with flowering, fruiting, and 
mature cotton plants become severely epinastic within 8 to 9 hours. It was 
also observed in a number of experiments with intact flowering and fruiting 
cotton plants that most of the young but fully expanded leaves after enclosure 
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Figure 1. 


A. Large plastic (Plexiglas) cabinet used for large intact plant samples. Note high humidity. 

B. Normal appearance of control plants kept in the laboratory outside the cabinet for 
length of time plants were in the cabinet. 

C. Distorted new growth similar to that induced by 2,4-D developing in fruiting plants 


after confinement in the cabinet. Tagged leaves were the youngest leaves at the time 
of enclosure in the cabinet. 


D. Puckered and water-soaked appearance of some leaves of intact plants at the end of the 
ethylene collection period in the cabinet. 


in the chamber developed pronounced puckering and slightly water-soaked 
areas (Figure 1 B). After the collection interval, the potted intact plants were 
transferred to the greenhouse for observation. Most of the new growth pre- 
sent or initiated shortly after enclosure, and particularly in plants that 
showed leaf symptoms similar to those illustrated in Figure 1 D, developed 
various degrees of malformation typical of that caused by 2,4-dichloro- 
phenoxyacetic acid 2,4-D) and its derivatives (Figure 1C). The more mature 
plants took several months to outgrow the malformations, whereas the 
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Figure 2. 


A. Vegetative lateral from the fifth node below the apex of a flowering plant which devel- 
oped after enclosure in the cabinet. 

B. Fruiting branch from the same plant shown in D. Note distortion and slower recovery. 

C. Stem apex of same plant shown in D and E. No apparent recovery had taken place in 
two months time. 

D. Upper row — Distorted bolls developed on fruiting plants during confinement in the 
cabinets compared to normal “pre-treatment” bolls (lower row) from lower fruiting 
branches of the same plants as the bolls above, but which were nearly mature at the 
time of enclosure in the cabinet. 


younger flowering plants recovered in a shorter time. In plants in the early 
stages of flowering the vegetative laterals recovered first (Figure 2 A) fol- 
lowed by the fruiting branch laterals (Figure 2B) and with the terminal 
apex (Figure 2C) recovering last. Young bolls in the early stages of devel- 
opment at the time of exposure in the cabinet subsequently displayed various 
types of distortion (Figure 2 D), upper row) compared to normal “pretreat- 
ment” bolls which were nearly mature bolls at the time of exposure (Figure 
2 D, lower row). Exhaustive tests to show that the symptoms were caused 
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Figure 3. 


A. Untreated seedlings germinated in unsterilised soil in a cabinet at 14 per cent relative 
humidity. 

B. Seedlings kept at 14 per cent relative humidity and with 0.0001 mg. 2,4-D per plant 
applied to the cotyledons. Note similarity to A. 

C. Normal control seedlings germinated in the laboratory outside the cabinet, same soil, 
same seed lot as A and B. 

D. One of the seedlings shown in A efter removal to the greenhouse. Note rapid recovery 
from malformations. Branch A is the main stem while branch B originated from a 
forced cotyledonary bud. Branch B, without distortions, began to develop before normal 
leaves appeared on branch A. 


by actual 2,4-D or similar growth regulator contamination have been nega- 
tive. Furthermore, the plants that produced the highest amounts of ethylene 
while confined in the chamber subsequently developed the most severe 
2,4-D-like effects. 

Young vegetative plants have never been observed to produce 2,4-D-like 
symptoms in the present experiments after enclosure in the chamber. How- 
ever, in a corollary experiment where cotton seeds were germinated and 
grown in pots of unsterilized soil while confined in a cellulose acetate cham- 
ber (5) maintained at constant relative humidity, temperature, air circulation 
and illuminated with fluorescent lights, the seedlings developed symptoms 
typical of 2,4-D (Figure 3 A). Similar symptoms (Figure 3B) were induced 
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outside the chamber with 0.0001 mg. 2,4-D per cotton seedling. Figure 3C 
shows normal cotton seedlings grown on the same bench but outside the 
chamber. When removed from the chamber, the cotton seedlings recovered 
rapidly from the malformations (Figure 3 D), while the comparable seedlings 
treated with 2,4-D still showed slight malformations after several months. 
In Figure 3D, branch A is the main stem, and branch B arose from a forced 
cotyledonary bud. There is a noticeable lack of distortion in branch B, which 
began to develop before normal leaves were visible on branch A. When the 
soil in which the cotton seeds were germinated was sterilized prior to 
planting, the 2,4-D-like effects in the seedlings which subsequently devel- 
oped while confined in the chamber were greatly reduced. If these seedling 
symptoms are due to ethylene production, then apparently ethylene was 
produced mostly by the action of microorganisms rather than by the seedlings 
directly. 

The detached healthy green leaves produced 0.13 ml. ethylene per kg. of 
fresh weight (Table 1). This can be compared to 0.8 ml. and 0.46 ml. per kg. 
for milk thistle leaves reported by Pratt (7) who used a much greater total 
weight of leaves in his sample. The detached leaves developed some chlorotic 
areas during the collection period, but the puckering or water-soaked spots 
which developed in leaves of intact flowering and fruiting plants were not 
observed. Measureable ethylene was not detected from the senescent chlorotic 
leaves. The mature bolls, some of which dehisced during the experiment, pro- 
duced ethylene but in negligible amounts (Table 1). The highest ethylene 
production by young but fully expanded leaves may explain the previous 
finding (3) that young but mature leaves from cotton plants commencing to 
flower produced more ethylene than mature basal leaves from fruiting plants. 


Field Observation and Controlled Experiments on Ethylene Effects 


During the last two years, damage to cotton and other crops growing in 
the vicinity of an industrial polyethylene plant located on the Gulf coast of 
Texas have been inspected at approximately bi-weekly intervals throughout 
the growing season. Epinasty and other typical responses exhibited by both 
native and cultivated plants of the area led to an initial diagnosis that the 
symptoms were caused by ethylene present in relatively high amounts in the 
atmosphere. Dr. A. E. Hitchcock of the Boyce Thompson Institute for Plant 
Research, inspected the vegetation of the area and agreed that the effects 
and damage to vegetation were most likely caused by ethylene. This was 
confirmed by subsequent collection and analysis of air samples taken at 
various distances from the plant site. The samples were approximately 4 
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cubic feet of air compressed into clean 10 liter steel cylinders. Approximately 
one cubic foot samples were released slowly into gas scrubbers containing 
mercuric perchlorate solution at 0°C. The ethylene in the complex was deter- 
mined by the procedure of Truchelut (8); values ranging from 0.04 to 3 ppm 
were found. However, based on plant symptoms, it is felt that the ethylene 
content of the atmosphere closest to the plant site has occasionally been 
higher than 3 ppm. One group of samples taken along a line 0.4 of a mile 
from the plant site had an average ethylene content approximately four 
times greater than samples taken along a line one mile from the plant, 
while at 4 miles from the plant site ethylene has not been detected. The air 
analysis was in general agreement with the effects noted on the vegetation. 
Most of the vegetative symptoms have been confined to a two-mile radius; 
however, the most pronounced effects have been downwind and within a 
one-mile radius from the center of the polyethylene plant site. Cotton, from 
the symptoms exhibited and the reduction of yield, appears to be extremely 
sensitive to ethylene air pollution; whereas monocotyledonous crops such 
as sorghum and corn are relatively insensitive. Slight ethylene symptoms in 
cotton have been occasionally observed up to four miles from the emanating 
source, a distance at which the chemical method failed to detect ethylene. 
The severity of damage in cotton varied directly with distance from the 
ethylene source, and apparently, reflects mostly a concentration effect. 
Downwind and at a distance of 2000 feet from the plant site the growth of 
seedling cotton was greatly inhibited, the cotyledons and true leaves abscised 
leaving bare stems and inhibited terminals. Many of these plants died leaving 
an erratic stand. Later, in the vegetative and early reproduction stages, 
puckering of the older leaves with water-soaked spots similar to those observed 
in the plants confined in the chambers occurred. Slight reddening of the 
foliage was occasionally observed. 

The most severe vegetative and fruiting damage occurred in fields within 
0.8 mile of the polyethylene plant and mostly downwind. Early in the season 
the plants lost apical dominance, exhibiting a prostrate and vinelike appear- 
ance (Figure 4 A). The terminal growing point and upper stem flattened, all 
lateral buds were forced, the main stems were weakened, and internodes 
were greatly compacted. The plants flowered earlier and more profusely 
than normal; it was not uncommon to count up to 400 floral buds (squares) 
per plant, most of which abscised while quite small. The cycle of squaring 
and shedding was repeated all through the season up to frost; the net result 
was total loss of yield. The lower leaves often yellowed and abscised. At 
greater distances from the ethylene source, 1 to 3 miles, plant symptoms 
were greatly reduced. Only the bracts of older squares and young bolls 
gradually flared, yellowed, and abscised. Slight reddening of foliage and 
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Figure 4. 


A. Field grown cotton plants exposed to relatively high levels of ethylene air pollution 
and showing loss of apical dominance and prostrate habit. These plants did not set 
bolls. 

B. Field grown plant illustrating 2,4-D-like symptoms after continuous exposure to rela- 
tively low levels of ethylene air pollution. 


weakened stems were sometimes observed. Occasional plants were found 
displaying various degrees of leaf malformation typical of 2,4-D, (Figure 
4B) particularly in fields that displayed a high incidence of leaf puckering 
earlier in the season. Distorted and malformed bolls similar to those produced 
in the cabinet experiments and shown in Figure 2 G were found throughout 
the fields affected by ethylene. Careful investigation showed that 2,4-D had 
not been used in the area, and all possibility of chance contamination was 
proved unlikely. The occurrence of leaf malformations typical of those 
induced by 2,4-D in plants growing in the field, as well as in those confined 
in the chambers after exposure to ethylene, suggests a close interrelationship 
between the two regulators. Details of this interrelationship will be reported 
in another publication. 

Several controlled experiments in the laboratory and greenhouse have been 
performed using cotton plants of different ages enclosed under large glass 
bell jars for 2 to 4 days with kncwn concentrations of ethylene. Young pre- 
flowering plants enclosed under bell jars in the laboratory with 10 and 
100 ppm ethylene gave almost complete defoliations within 48 to 72 hours. 
Slight reddening of the blades and petioles initially occurred followed by 
chlorosis of the blades. Considerable proliferation of tissue at the nodes and 
cracking of the basal stems occurred, and axillary buds were forced at both 
concentrations of ethylene. Single mature plants maintained in the laboratory 
under large bell jars with 10 ppm ethylene abscised most of their leaves and 
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fruiting forms within 48 hours. Proliferation of tissue around the leaf scars 
and forcing of lateral buds was observed. Young squares were the first to 
abscise followed by young bolls and then leaves. The same order of abscission 
of cotton organs to ethylene has also been observed in the field. However, 
young cotton plants treated with concentrations of ethylene from 10 to 30 
ppm under bell jars but kept in the greenhouse at high temperature and 
light intensity for four days, showed little true leaf abscission and sub- 
sequently developed no abnormal effects. In fact, leaf and boll malforma- 
tions similar to those observed in the field or cabinet experiments have not 
been produced to date in short term experiments with concentrations of ethy- 
lene from 10 to 100 ppm. The possibility exists that these malformations 
result from longer exposure to lower levels of ethylene, or that the conditions 
that give rise to the 2,4-D-like malformations are associated indirectly with 
ethylene production. Experiments are currently being undertaken to investi- 
gate these possibilities. 


Summary 


1. Ethylene production by cotton plants was determined at four develop- 
mental stages. Significant amounts of ethylene were not measured until 
the initiation of the reproductive stage. Untreated, active, fruiting plants 
produced approximately 1.96 ml (S.T.P.) per kg. fresh weight. Produc- 
tions of ethylene was further increased to 2.44 ml. (S.T.P.) per kg. fol- 


lowing treatment with a 1 per cent sodium chlorate-sodium borate de- 
foliant. 


D 


Detached, mature, healthy cotton leaves produced on an average of 

0.13 ml. ethylene per kg. fresh weight. Senescent leaves did not produce 

measurable ethylene, and bolls produced low and negligible amounts. 

3. The intact flowering and fruiting plants enclosed in a plastic chamber 
for ethylene collection often subsequently developed, when transferred 
to the greenhouse for observation, leaf and boll malformations similar to 
those induced by 2,4-D-like compounds. The most severe symptoms were 
produced in plants that evolved relatively high amounts of ethylene and . 
which developed a characteristic puckering of the leaves while confined 
in the chamber. The plants recovered from the 2,4-D-like effects much 
sooner than plants actually treated with 2,4-D. 

4. The effects of ethylene air-pollution on cotton plants in the field was 
observed for two seasons. The cotton plant is extremely sensitive to 
ethylene; the symptoms observed varied directly with the concentration 
in the atmosphere. Many of the symptoms produced in the controlled 
experiments were observed in the field, including vegetative and reproduc- 
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tive organ malformation typical of 2,4-D injury. Young cotton plants were 
severely defoliated and inhibited in fields closest to the ethylene source. 
Under influence of lower concentrations at a greater distance from the 
ethylene source, the plants exhibited leaf puckering, reddening and chlo- 
rosis, apical dominance was lost, and axillary buds were forced. Flowering 
was stimulated both qualitatively and quantitatively, but most fruiting 
forms abscised. Young floral buds (squares) followed by young bolls and 
leaves were stimulated to abscise by ethylene and respond in that order 
of sensitivity. 

An interrelationship between ethylene and auxin is suggested by the 
results and the possibility that they interact in controlling several plant 
processes are briefly discussed. 
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Zur Kenntnis der Todeszonen im konzentrationsgestuften 
Resistenzversuch : 


Von 
WALTER URL 


Pflanzenphysiologisches Institut der Universität Wien 
(Eingegangen am 26. November 1956) 


Die Untersuchung der Resistenzeigenschaften pflanzlicher Plasmen hat 
sich als Methode der protoplasmatischen Anatomie (Weber 1929) wie der 
vergleichenden Protoplasmatik (Höfler 1932) bewährt. In letzter Zeit brachte 
besonders die Prüfung der Resistenz pflanzlicher Plasmen gegen chemische 
Agenzien, seien es Schwermetallsalze (Biebl 1947—1954, Url 1955, 1956), 
Farbstoffe (Loub 1951) oder andere Substanzen (Biebl 1953), reiches Er- 
fahrungsmaterial. So zeigte es sich zunächst, dass die Resistenz verschiede- 
ner pflanzlicher Plasmen gegen Schwermetallsulfate (Chromsulfat, Vanadyl- 
sulfat, Zinksulfat, Mangansulfat) sowie gegen Borsäure sehr verschieden ist, 
und dass bei ein und demselben Plasma hohe Resistenz für.den einen Stoff 
nicht gleichzeitig hohe Resistenz für den anderen Stoff bedingt. Es können 
an derselben Pflanze zwei Stoffe sogar gegensätzliche Wirkung entfalten. 
So zeigte Biebl (1947 a), dass bei Mnium rostratum die jungen Blättchen 
an der Sprosspitze durch Zinksulfat stärker geschädigt werden als die älteren 
an der Basis, während es in Borsäure gerade umgekehrt ist. Die Resistenz- 
grenzen ändern sich auch im Laufe der Entwicklung und bei verschiedenen 
Stoffen verschieden stark (Biebl und Rossi-Pillhofer 1954). 

Aus der Fülle der Befunde können wir heute schon einige grosse Züge 
ablesen. Zunächst zeigt es sich, dass Mooszellen und Desmidiaceen im allge- 
meinen wesentlich resistenter gegen Schwermetalle sind als Zellen von höhe- 
ren Pflanzen. Mangansulfat ist für Desmidiaceen und Moose praktisch 
unschädlich und zwar bis in höchste stark hypertonische Konzentrationen.! 


! Dass hypertonische Konzentrationen von Schwermetallsalzen keinesfalls das Plasma 
sofort töten, sondern oft zunächst und in vielen Fällen sogar für lange Zeit Plasmolyse 
bewirken ist schon lange bekannt (Pringsheim 1925). 
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Hingegen sind Zellen von Blütenpflanzen gegen Mangansulfat aber wesent- 
lich weniger resistent (vgl. die Übersicht bei Url 1955). Moose und Desmidia- 
ceen geben in Zink-, Mangan-, Chrom- und Vanadylsulfat weitgehend ähn- 
liche Resistenzbilder. Der oft hohen Kupferresistenz von Mooszellen steht 
aber eine hohe Empfindlichkeit der Desmidiaceen gegenüber. Bei verglei- 
chender Betrachtung aller vorliegenden Ergebnisse zeigt sich immer wieder, 
und zwar bei allen Schwermetallsalzen, eine bevorzugte Resistenzgrenze in 
der Nähe von 0.001 °/o (5.105 M). 

Diese Resistenzgrenzen sind bei Blütenpflanzen fast immer ganz scharf, 
selbst bei sehr klein gewählten Konzentrationsstufen. Bei Resistenzversuchen 
mit Allium cepa — allerdings mit Na,CO, — waren in der äusseren roten 
Epidermis der Zwiebelschuppe z.B. in 0.01 M alle Zellen am Leben. In 0.02 M 
lebten nur einige wenige Zellen in der Schnittmitte, während in 0.03 M alles 
tot war. 


Bei Moosen und Desmidiaceen ist die Resistenzgrenze oft mehr oder weni- 
ger fliessend. Einer auch hier wohl immer ziemlich deutlichen Schwelle 
gehen dann im Reihenversuch beim Zusatz von Plasmolytika zerrig-krampfige 
Plasmolysebilder voraus, während Tonoplastenstadien und einzelne über- 
lebende Zellen und Zellgruppen folgen. 

Der Fall, dass die Pflanzenzellen bis zu einer gewissen Konzentration am 
Leben bleiben und in allen höheren Konzentrationen binnen 48 Stunden ? 
absterben, ist aber nicht der allein vorkommende, bei Moosen und Desmidia- 
ceen vielfach vielleicht nicht einmal der häufigere. Es hat sich hier nämlich 
gezeigt, dass — besonders bei Versuchen mit Chromsulfat und auch Vanadyl- 
sulfat — „Todeszonen“ auftreten (Url 1955, 1956). Dabei leben in den ge- 
stuften Lösungsreihen die Zellen bis zu einer gewissen Konzentration — etwa 
wie erwähnt oft 5.10”? M — und sterben in den höheren Konzentrationen ab. 
In den höchsten Konzentrationen aber leben die Zellen wieder. Dabei gibt 
es zwei Möglichkeiten, entweder dieser „obere“ Lebensbereich beginnt schon 
in noch hypotonischen Konzentrationen oder er ist streng an den plasmo- 
lysierenden Bereich gebunden wie es bei vielen Moosen im Chromsulfatver- 
such der Fall ist. 

Die Todeszonenbildung ist schon lange bekannt. Als einer der ersten 
beschrieb sie Iljin (1935), der bei NaCl- und KCI-Versuchen an Zellen von 
Reseda lutea sah, dass diese im mittleren Konzentrationsbereich (0.5—0.8 M) 
abstarben, im sehr stark plasmolysierenden Bereich von 1.8 M aufwärts aber 
am Leben blieben. 


2 Der für chemische Resistenzstudien vorteilhafte Zeitraum. Vgl. Biebl. und Rossi-Pill- 
hofer 1954 S. 114 und die Tabellen von Kaho (1956). 
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Ähnliche Erscheinungen beobachteten Kamyia (1939) und Schindler (1943) 
an Zwiebelschuppen bei Versuchen mit KNO;, CuSO, und CoNO; (vgl. Url 
1955, S. 225). Biebl und Rossi-Pillhofer (1954) sahen hingegen bei Versuchen 
mit Mangansulfat an Rettich und weisser Rübe, dass die Todeszone den 
Bereich von etwa 0.1—1 °/o umfasst und in 3 °/o, also einer noch bei weitem 
nicht plasmolysierenden Konzentration, wieder alle Zellen lebten. Bei Chrom- 
sulfatversuchen mit Moosen (Url 1955) — die Konzentrationsstufen reichten 
von 0.5—5.10-7 M — waren beide Fälle zu beobachten. Frisches Material 
der Lebermoose Alicularia scalaris und Gymnocolea acutiloba zeigte Todes- 
zonen im Bereich von 5.10% bis 5.10% M bzw. 5.10% bis 5.10~* M. In den 
tieferen und höheren Konzentrationen lebten die Zellen und zeigten in 0.5 M 
beste Plasmolyse. Bei mehreren anderen Moosen (Mnium Seligeri, Mnium 
affine, Calypogeia fissa) und an weiterkultiviertem Material der beiden erst- 
genannten Arten war der obere Lebensbereich streng an die plasmolysierende 
Konzentration von 0.5 M Chromsulfat gebunden. 

Bevor wir uns nun näher mit den Todeszonen beschäftigen, mögen einige 
allgemeine Betrachtungen über die Schwermetallresistenz vorangehen. Höfler 
sagt (1951, S. 429), dass die Widerstandsfähigkeit gegen einen Stoff zweierlei 
Ursachen haben kann. Entweder es ist das Plasmalemma für ihn undurch- 
lässig oder er dringt wohl ins Plasma aber dies selbst ist resistent. Dem ist 
nun hinzuzufügen, dass beide Fälle an demselben Plasma und bei Einwir- 
kung desselben Stoffes verwirklicht sein können. In den Fällen wo die 
Resistenzgrenze bei niedrigen Konzentrationen liegt, ist ja wohl der Stoff auf 
jeden Fall ins Plasma gedrungen, denn wie z.B. Biebl und Rossi-Pillhofer 
schreiben, wäre nicht einzusehen, dass dort wo die Resistenzgrenze bei einer 
letalen Konzentration von etwa 0.01 °/o liegt, wo also der Stoff auf jeden Fall 
ins Plasma gedrungen ist, das Plasmalemma einer Konzentration von 0.001 °/o 
den Eintritt verwehrt hat. Dagegen ist beim Auftreten einer Todeszone, wo 
im mittleren Konzentrationsbereich die Zellen absterben, für den oberen 
Lebensbereich wohl eine Undurchlässigkeit des Plasmalemmas anzunehmen. 
Biebl und Rossi-Pillhofer betonen, dass eine solche nicht von vornherein 
gegeben sein muss, sondern sich erst unter der Einwirkung der relativ hoch- 
konzentrierten Stoffe bilden kann. Sie verweisen dabei auf Kaho (1933), der 
sagt, dass die Schwermetalle bei der Berührung mit dem Plasma auf dessen 
Oberfläche eine Schutzschicht in Form einer „irreversibel koagulierten 
Oberflächenschicht“ erzeugen, welche den Salzen ein weiteres Eindringen 
ins Binnenplasma verwehrt. Die Möglichkeit der Bildung einer solchen 
Schutzschicht ist aber zweifellos erst ab einer gewissen höheren, nach bis- 
herigen Erfahrungen nicht allzuweit vom hypertonischen Bereich entfernt 
liegenden Konzentration gegben. 

Die bisherige Schwermetallresistenzforschung, wie sie von Biebls Arbeiten 
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ausging, arbeitete meist nur mit Konzentrationen bis etwa 3 %. Es können 
ihr daher Fälle von Todeszonen entgangen sein, wo der obere Lebensbereich 
erst im hypertonischen Bereich liegt. Unter „resistent“ wurde daher prak- 
tisch immer eine wirkliche plasmatische Resistenz verstanden, also Resistenz 
des Gesamtplasmas gegen eindringende Stoffe. Von diesem Resistenzbegriff 
trennen wir nun jene Fälle, welche auf einer Schutzschichtbildung unter 
Einwirkung höherer Konzentration beruhen und wo wir besser von „über- 
lebend“ reden. 

Es gibt auch Zellsorten die in allen Konzentrationsstufen am Leben bleiben 
(Mielichhoferia elongata in Chromsulfat, Mnium affine in Vanadylsulfat: 
vgl. Url 1956). Hier wird entweder schon in niedrigeren Konzentrationen 
eine Schutzschicht gebildet, wie es vielleicht bei Desmidiaceen geschieht, 
oder das Plasma selbst ist auch gegen höhere Konzentrationen resistent wie 
es wahrscheinlich bei manchen Moosen der Fall ist. In beiden Fällen ist 
aber wohl für die hohen, besonders aber natürlich für die plasmolysieren- 
den Konzentrationen die Schutzschichtbildung anzunehmen. 

Wir wollen unser Hauptaugenmerk aber nun der hypothetischen ,,irrever- 
sibel koagulierten Oberflächenschicht“ zuwenden. Nach Kaho verhindert sie, 
dass die giftigen Schwermetallsalze ins Plasma dringen. Bei den vielen 
schon vorliegenden Versuchen, zumal aber dort wo Todeszonen auftreten, 
zeigte es sich immer wieder, dass besonders die mittleren Konzentrationen 
die Zellen töten. Also jene, welche ins Plasma eindringen und dieses töten, 
aber noch zu schwach sind um eine Schutzschichtbildung zu ermöglichen. 

Was geschieht nun, wenn wir Zellen, die in hohen Konzentrationen eine 
Schutzschicht gebildet haben, in eine solche mittlere, kritische Konzentration 
übertragen? 

Dazu wurde zunächst folgender Versuch angestellt: Am 8.VIII. 1955 hatte 
ein Resistenzversuch ? mit Chromsulfat an Alicularia scalaris folgendes Er- 
gebnis (vgl. Tabelle 1).* In 0.5 M lebten alle Zellen und zeigten beste Plasmo- 
lyse mit unveränderten Ölkörpern. In 0.05, 5.10%, 5.10”* und 5.105 M 
waren alle Zellen tot, bei Zusatz von 1 M KNO, traten teilweise Tonoplasten- 
plasmolysen auf. In 5.10-° M lebten wieder 60 °/o der Zelien. Parallel zu 
dieser Reihe wurde auf Grund eines vorhergegangenen Versuchs ein Stämm- 
chen von Alicularia vom gleichen Moosrasen auf 1 Stunde in 0.5 M Chrom- 
sulfat gebracht. Nach dieser Zeit waren hier alle Zellen bestens plasmo- 
lysiert. Ohne Zweifel musste die Schutzschicht entstanden sein. Dann wurde 
dieses Stämmchen in die Lösung von 5.10”? M übertragen, welche im Reihen- 
versuch absolut tödlich wirkte. Nach 48 Stunden war dieses Stammcher. 


3 Zur Versuchsmethodik vgl. Biebl 1949, S. 2, Url 1955, S. 208, 1956, S. 770. 
4 In den Tabellen bedeutet 1=alles lebend, (1) =80—90 °/o der Zellen lebend, + = 40— 
70 °/o lebend, + = einzelne Zellen lebend und += alle Zellen tot, TP=Tonoplasten. 
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völlig abgestorben. Selbst Tonoplastenplasmolysen traten keine mehr auf. 
Was war mit der Schutzschicht geschehen, wieso war sie nicht mehr wirk- 
sam? Nun ist aber bei diesem Versuch die nach Übertragung erfolgte plötz- 
liche Deplasmolyse in Betracht zu ziehen, bei der ja wohl leicht eine Zerreis- 
sung oder Einreissung des ohnehin schon veränderten Plasmalemmas er- 
folgen konnte, sodass ein Eindringen des tödlichen Schwermetallsalzes 
ermöglicht wurde. Um diese Fehlerquelle auszuschalten, habe ich später fol- 
gendes versucht. Es sollte verhindert werden, dass bei der Übertragung eine 
Volumsänderung des Protoplasten erfolgt. Ich wählte daher eine osmotische 
Unterlage von 0.8 M Traubenzucker, die beim diesmal verwendeten Moos, 
Gymnocolea acutiloba, etwa denselben Plasmolysegrad ergab wie 0.5 M 
Chromsulfat. Der osmotische Wert des Blättchenzellen entsprach etwa 0.5 M 
Traubenzucker. 


Der Reihenversuch brachte folgendes Ergebnis: In 0.5 M und 5.107 M Chrom- 
sulfat lebten alle Zellen (Abb. 1). In den dazwischenliegenden Konzentrationen waren 
fast alle Zellen abgestorben. Daneben wurden nun Blättchen zunächst für eine Stunde 
in 0.5 M Chromsulfat gebracht und dann in Mischlösungen von 5.103 M Chrom- 
sulfat+0.8 M Traubenzucker bzw. 5.104 M+0.8 M übertragen. Nach 48 Stunden 
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Abb. 1. Gymnocolea acutiloba. 48 
Stunden in 0.5 M Chromsulfat 
plasmolysiert. 


lebten alle Zellen in beiden Lösungen. Deplasmolyse und Wiederplasmolyse mit 
Glyzerin war mehrfach möglich. War die Schutzschicht hier erhalten geblieben und 
hatte bei der Direktübertragung also wirklich nur die abrupte Deplasmolyse den 
Tod bewirkt? Ich setzte einen Stufenversuch an. Blättchen von Gymnocolea acuti- 
loba kamen eine Stunde in 0.5 M Chromsulfat und dann in gestufte Mischlösungen 
von 0.9 M Traubenzucker+5.10°° M Chromsulfat, 0.8+5.10 3 usw. bis zu 0.1 M 
Zucker+5.10 3 M Chromsulfat. Nach 48 Stunden lebten in den Mischlösungen von 
0.9—0.5 M Traubenzucker alle Zellen. In 0.5 M war die Plasmolyse ganz schwach, 
bei Zusatz von 1.0 M Glyzerin traten eckige Plasmolyseformen auf. In 0.4 M war 
nichts plasmolysiert (der osmotische Wert des Objekts ist ja etwa 0.5 M), doch lebten 
fast alle Zellen und liessen sich mit Glyzerin plasmolysieren. Nur die Spitzen der 
Blättchen waren oft abgestorben. Auch in 0.3 M lebten noch viele Zellen und liessen 
sich plasmolysieren wenn die Plasmolyseformen auch stark konkav-zerrig waren. 
Jetzt folgte eine scharfe Grenze. In 0.2 M sind alle Blättchenzellen tot. Die Chloro- 
plasten sind degeneriert, verklebt und zeigen zerfliessende Formen, die Ölkörper 
sind verschwunden. Nur einige Stengelzellen leben und lassen sich plasmolysieren. 
Völlig abgestorben sind sämtliche Zellen in 0.1 M. 


Der Stufenversuch zeigt also, dass trotz der beim Umlegen in die schwä- 
cheren Zuckerkonzentrationen erfolgten Ausdehnung oder gar Deplasmolyse 
die Zellen in den kombinierten Lösungen am Leben bleiben. Erst bei ganz 
geringen Konzentrationen von Traubenzucker sterben sie ab. Allerdings er- 
folgt die Deplasmolyse beim Übertragen von 0.5 M Chromsulfat in eine 
Mischlösung mit einer osmotischen Unterlage von etwa 0.3 M Trauben- 
zucker natürlich langsamer als bei Übertragen in eine reine Lösung von 
5.10- M Chromsulfat, welche ja praktisch osmotisch unwirksam ist. Das 
Überleben der Zellen könnte also daraus resultieren. Wahrscheinlicher haben 
wir es hier aber mit einer antagonistischen Wirkung des Traubenzuckers zu 
tun, wie sie in jüngster Zeit ausführlich von Kaho beschrieben wurden (1956). 
Als Grund der antagonistischen Wirkung der Zucker nimmt Kaho an, dass 
auch sie eine Veränderung der Plasmaoberfläche verursachen, welche ein 


Physiol. Plant., 10, 1957 


324 WALTER URL 


Eindringen der schädlichen Salze verhindert. Vielleicht ergänzen sich in 
unserem Fall beide Faktoren, nämlich Schonung der gebildeten Schutzschicht 
durch sanfte Deplasmolyse und antagonistische Wirkung des Zuckers. 

Die Möglichkeit, die Festigkeit der Schutzschicht ohne störende Neben- 
effekte, wie Zuckerwirkung oder Deplasmolyse, zu prüfen, bietet sich nun 
dort, wo die Todeszone noch im hypotonischen Bereich endet, also der obere 
Lebensbereich auch nicht plasmolysierende Konzentrationen umfasst. Dieser 
Fall wurde zuerst, wie schon erwähnt, von Biebl und Rossi-Pillhofer (1954) 
an höheren Pflanzen bei Mangansulfatversuchen beobachtet. Bei meinen 
Versuchspflanzen fand ich solches Verhalten besonders an frischem Material 
von Gymnocolea acutiloba wieder (Tab. 2). 


Hier waren mit Chromsulfat im Reihenversuch in 0.5 M 0.05 und 5.10% M alle 
Zellen am Leben. Die niedrigeren Konzentrationen von 5.104 und 5.10 M töteten 
alle Zellen. In 5.106 M lebten wieder einzelne, in 5.10” M 80—90 °/o der Zellen. 
Parallel dazu waren Moosstämmchen zunächst eine Stunde in 0.5 M belassen und 
dann in 5.10” M übertragen worden. Diese waren nach 48 Stunden wieder völlig 
abgestorben. 


Weiters wurden aber Stämmchen eine Stunde in 0.05 M gelegt, also in eine 
weit hypotonische Konzentration und dann in 5.10”? M übertragen. Auch 
diese Stämmchen waren nach 48 Stunden völlig abgestorben. Hier konnte 
nun nicht eine Verletzung der Schutzschicht durch Deplasmolyse erfolgt sein. 


An Alicularia scalaris konnte ein gleicher Versuch in Vanadylsulfat angestellt 
werden (Tab. 3). Frisches Material zeigte am 10.VIII. 1955 folgendes Resistenzbild: 
In 1.0 M und 0.5 M waren die Zellen wohl anfangs plasmolysiert gewesen, aber nach 
48 Stunden alle abgestorben (vgl. dazu Url 1955, S. 791). In 0.1 M und 0.05 M 
waren alle Zellen am Leben, während in 5.10°3 und 5.104 nur einzelne Zellen lebten. 
Die niedrigeren Konzentrationen von 5.10 5 und 5.10°% M töteten alles. In 5.1077 M 
lebten wieder 40 °/o der Zellen. Stämmchen wurden nun für eine Stunde in 0.1 M 
und 0.05 M Vanadylsulfat gelegt und dann in 5.10° bzw. 5.10°° M übertragen. Sämt- 
liche Zellen dieser Stämmchen waren nach 48 Stunden abgestorben und die Chloro- 
plasten wiesen die typischen Verfärbungen (vgl. Biebl 1950 a) auf. Die in 0.1 und 
0.05 M verbliebenen Stämmchen waren hingegen lebend geblieben. 


So bestätigt sich, dass bei Übertragung eines Schnittes aus dem oberen 
Lebensbereich in die Todeszone die Zellen absterben, auch wenn dabei keine 
Deplasmolyse erfolgt. 

Todeszonenbildung tritt nicht nur unter der Wirkung von Schwermetall- 
salzen auf. Bei Resistenzversuchen mit Natriumazid (NaN,), über welche an 
anderer Stelle ausführlicher berichtet werden soll, fand ich eine typische 
Todeszone bei Zellen vom Blattstiel von Arum maculatum auf. 


Am 30.VI. 1956 zeigte sich nach 48-stündiger Einwirkung folgendes Resistenz- 
bid: Von 10°” M bis 104 M lebt alles. In 1074 M treten bei Zusatz von 1.0 M KNO, 
in der Epidermis wie Subepidermis krampfige Plasmolysen auf. AUTANT 
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plasmolysieren die Nebenzellen der Schliesszellen konvex. In 10-3 M sind alle Zellen 
abgestorben, desgleichen in 10°? M. Die Schnitte aus 0.1 M aber leben alle; sie 
plasmolysieren in KNO, konkav. In 0.3 M leben fast alle Subepidermiszellen und 
viele Epidermiszellen. Auch in der nächsthöheren Konzentration, in 0.5 M NaN, 
leben viele Zellen, besonders in der Subepidermis. Diese Konzentration ist schon 
hypertonisch. Manche Zellen der Subepidermis zeigen Kappenplasmolysen. In diesen, 
aber auch in anderen Zellen ist der Kern oft stark gequollen. Die Zellen der Epider- 
mis sind vielfach abgestorben. In 1.0 M NaN, ist nach anfänglich starker Plasmo- 
lyse alles abgestorben. Neben der hohen Azidkonzentration wirkt hier wohl auch 
die überstarke Plasmolyse schädigend. 


Neben einem parallellaufenden Reihenversuch (Tab. 4) wurden wieder Schnitte 
in die beiden hypotonischen Konzentrationen des oberen Lebensbereiches (0.1 M 
und 0.3 M NaN,) für 115’ eingelegt. Aus beiden Konzentrationen wurden Schnitte 
sowohl in 10°? als auch in 10°? M NaN, übertragen. Das Ergebnis des Versuchs war 
folgendes: Die Zellen der aus 0.3 und 0.1 M in 10°? M übertragenen Schnitte sind 
alle tot. Der aus 0.3 M in 10 M übertragene Schnitt war tot, in dem aus 0.1 M in 
10°? M übertragenen Schnitt lebten dagegen die meisten Zellen. Dazu muss allerdings 
bemerkt werden, dass im Parallelversuch in den gestuften Lösungen in 10 ? M eben- 
falls viele Zellen, besonders in der Subepidermis, lebten. In diesem Fall reicht also 
der obere Lebensbereich noch etwas weiter in den hypotonischen Bereich. 


Zusammenfassung 


Ausgang meiner Versuche war die mehrfach beobachtete Tatsache, dass 
in konzentrationsgestuften Lösungsreihen verschiedener Metallsalze und 
auch in solchen von Natriumazid und anderer schädigender Stoffe Todes- 
zonen auftreten. In den niedersten Konzentrationen leben die Zellen, sie 
sterben dann im mittleren Konzentrationsbereich ab, in relativ hohen Kon- 
zentrationen bleiben sie aber wieder am Leben. Dieser ‚obere Lebensbereich“ 
kann entweder noch im hypotonischen Bereich beginnen, oder aber nur 
hypertonische, plasmolysierende Konzentrationsstufen umfassen. 


Neue Versuche haben nun ergeben, dass die in den hohen Konzentrationen 
am Leben gebliebenen Zellen absterben, wenn sie in die im Reihenversuch 
schädigenden mittleren Konzentrationen übertragen werden. Dabei ist we- 
sentlich, dass dies nicht nur geschieht, wenn die „unschädliche“ hohe Kon- 
zentration hypertonisch ist, sodass eine Schädigung durch Deplasmolyse in 
Frage kommt, sondern auch dann, wenn der obere Lebensbereich selbst 
noch im hypotonischen Konzentrationsbereich liegt. 


Wenn wir mit Kaho (1933) als Grund des Überlebens von Zellen in hoch 
konzentrierten Lösungen von Schwermetallsalzen und anderen giftigen Stof- 
fen die Bildung einer ,,irreversibel koagulierten“ Oberflächenschicht anneh- 
men wollen, so erhebt sich hier die Frage nach dem Verbleib dieser Bildung 
nach der Übertragung. Wir sehen, dass sie beim Übertragen in den mittleren 
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Konzentrationsbereich, wo im Reihenversuch die Zellen absterben, unwirk- 
sam ist. Wäre sie wirklich irreversibel, so müsste sie dort wohl erhalten 
bleiben und die Zellen schützen. Die Tatsache jedoch, dass auch in diesen 
Fällen die mittleren Konzentrationen die Zellen töten, zeigt, dass die an- 
genommene Oberflächenschicht wieder verschwunden ist. 

Die Frage nach der Ursache dieser Erscheinung kann noch nicht eindeutig 
beantwortet werden. Man könnte zunächst an eine Auflösung der gebildeten 
Schicht denken, oder etwa daran, dass die Schutzschicht nur unter immer- 
währender Einwirkung eines gewissen osmotischen Drucks der Lösung er- 
halten bleibt. Doch hat letztere Vorstellung nur für relativ starke, im wesent- 
lichen hypertonische, Lösungen Wahrscheinlichkeitsgrad, versagt aber offen- 
bar in Fällen wo der obere Lebensbereich schon in stark verdünnten und 
weit hypotonischen Lösungen beginnt. 
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Introduction 


In a previous paper (Part I) Mikaelsen, Bjornseth and Halvorsen (1956) 
demonstrated a reduced respiration intensity in germinating seeds that had 
been exposed to neutrons from an atomic pile. The initial respiration was 
unimpaired, as was the case after x-ray irradiation (Mikaelsen and Halvorsen 
1953), but from the third day a considerable reduction in respiration was 
observed. The rate of respiration was determined as oxygen uptake per hour 
per unit dry weight, (the whole seed and seedling). The seedlings from the 
irradiated seeds were markedly inhibited in their growth. Since a positive 
correlation was demonstrated between respiration rate and seedling length, 
there was a possibility that the reduced respiration rate was a direct result 
of the reduced growth. Preliminary experiments showed that the respiration 
of the endosperm is responsible for only a small part (about 10—20 per cent) 
of the total respiration and is rather constant during the germination period. 
This confirmed the findings of Barnell (1937). The relationship between the 
reduced respiration and the reduced growth might, therefore, be studied by 
using as reference units either (a) the dry weight of the embryo or (b) the 
protein content of the embryo. 


The first method would detect a direct correlation between respiration and 
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mass growth of the seedlings. The second method would indicate whether 
the irradiation had affected the respiratory enzyme systems or the carbo- 
hydrate mobilization. In either case a reduced respiration intensity per protein 
unit in the embryo would be expected. With this in mind the present investi- 
gation was undertaken to study the effects of neutron irradiation of barley 
seeds on the respiration and nitrogen metabolism during germination. 


Material and Methods 


Barley seeds of the Domen variety were used as test material. They were obtained 
from the State Seed Testing Station at Vollebekk, Norway. The dry seeds were placed 
in the centre of the reactor operated by the Joint Establisment of Nuclear Energy 
Research at Kjeller, Norway, and given the following doses of thermal neutrons: 
3X10" and 6X10? niy,-per cm?. The details of the radiation treatments were 
the same as described in Part I. 

Germination. — Five days after the irradiation the seeds were soaked and desin- 
fected for 3 hours in a hypochlorite solution containing about 0.5 per cent Cl and 
prepared according to Folkes, Willis and Yemm (1952). The seeds were then 
germinated on filter paper in large sterilized glass dishes. The seeds germinated 
under optimal moisture conditions in darkness at 20° C. 

Respiration. — The respiration rate was measured at 20° C by means of the 
modified Warburg technique described by Halvorsen (1955). A sample of 5—10 
seeds was used for each determination depending on the stage of germination. Five 
parallel analyses were carried out for each series of treatment. The manometric 
measurements lasted for 3—4 hours. 

Growth. — Growth was determined on the basis of shoot length measured on 
the 7th day of germination. 

Chemical Analyses. — After the respiration measurement the embryos were sepa- 
rated from the endosperms, and the individual samples were placed separately in 
glass beakers. They were dried at 85° C overnight, weighed to determine the dry 
weight and stored in desiccators until analyzed. For determination of »soluble» 
nitrogen and »protein» nitrogen the sample was ground in a porcelain mortar with 
a little water. The finely ground mass was transferred quantitatively back to the 
beaker by means of a little water, and the total volume of water adjusted to about 
25 ml. The content of the beaker was heated to boiling and transferred quantitatively 
to a centrifuge tube, and the residue sedimented at about 3000 Xg for 10 min. The 
supernatant liquid was decanted into a 100 ml. Kjeldahl flask, the residue suspended 
in 85 per cent acetone, boiled for a short time and centrifuged again. The super- 
natant liquid was collected in the same Kjeldahl flask as before, whereas the 
residue was transferred quantitatively to a second Kjeldahl flask. The nitrogen 
was determined in the usual way by digestion, distillation and titration. 

The method just described may not accomplish a clear-cut separation of protein 
and non-protein nitrogen. It does — however, differentiate between the bulk of 
lowmolecular nitrogenous fractions and those of high molecular weights. 

The content of nucleotides in the embryo was determined by a slight modifica- 
tion of the method described by Miettinen (1954). Vacuum dried embryos were 
ground to a fine powder, weighed and extracted with trichloroacetic acid. Low 
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molecular weight nucleotides were extracted with ice-cold trichloroacetic acid; while 
the total content of nucleotides was obtained by using boiling trichloroacetic acid. 
After cenirifugation 2 ml. of the supernatant liquid was neutralized with disodium 
phosphate and diluted to 100 ml. with water. The absorption spectra were recorded 
in a Cary Recording Spectrophotometer. Fairly typical nucleotide absorption spectra 
were obtained with a maximum at 265 mu. In order to reduce the error from back- 
ground colour the values given in Table 1 are based on the differences between the 
absorbancy at 265 mu and that at 300 mu. The nucleotides of high molecular weight 
(nucleic acids) are calculated as the difference between the total content of nucleo- 
tides and the low molecular weight fraction. 

Test on the aminoacids in embryo extracts were done by paper chromatography. 
A two dimensional technique with ninhydrin development was applied. 


Experimental Results and Discussion 


Respiration. — The results of the respiration experiments are illustrated 
in Figures 1, 2 and 3. When the respiration rate was determined on the 
basis of the number of seeds, it would appear that the respiration had been 
depressed by the irradiation. The depressant effect did not appear until the 
third day of germination. However, if the respiration was plotted against the 
dry weight of the embryo tissue, there was no longer a marked difference 
between irradiated and non-irradiated seeds (Figure 2). The curves had a 
definite respiration maximum on the second day. A similar picture with an 
even more pronounced maximum was obtained if the respiration was based 
on the amount of »protein»-N in the embryos (Figure 3). In this latter case 
no difference could be observed between irradiated and non-irradiated 
seeds. 

Barnell (1937) divided the respiratory drift of germinating barley during 
the first seven days into three phases. The first phase lasting from 0 to 
about 50 hours showed a steeply rising respiration per unit embryo tissue. 
Barnell explained this as an activation of respiratory centres, probably 
without increase in number. The respiration rate during this period would 
be limited by the number of activated centres. In the second phase, from 
50 to about 100 hours, the real growth of the embryo was thought to have 
started, resulting in formation of new tissue with an increase in the dry 
weight. During this period the rate of formation of new respiratory centres 
is probably the main limiting factor. Barnell suggested that the translocation 
rate from the reserves in the endosperm might be the most important limiting 
factor of the respiration in the third phase. If this theory of Barnell is 
applied to our own results illustrated in Figure 1, it may be concluded that 
the activation of the respiratory mechanism has not been affected by the 
radiation, while the formation of new respiratory centres in some way may 
have been inhibited. i 
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James and James (1940) divided the respiratory drift of barley seedlings 
into similar phases, but discussed it mainly on the basis of carbohydrate 
mobilization. 

Brown (1946) and Folkes, Willis and Yemm (1952) pointed out the close 
connection between the respiration and the nitrogen metabolism in the 
developing barley seedlings. According to Brown a change in the rate of 
protein synthesis takes place about 50 hours after the start of germination. 
This change coincides with a change in growth rate and with the transition 


CONTROL 
31012 
3 61012 


Figure 2. Respiration rate per mg embryo 
dry weight during germination. The respi- 
ration measurement is the same as for 
Figure 1, but another unit of respiring 
material changes the course of the respira- 
tion curves. 
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200 CONTROL 
3x 1012 


2 Figure 3. The respiration rate is calculated 
6x10 


per mg of the »protein-N» fraction obtain- 
ed by chemical analysis of the embryos. 
(cfr. Figures 1 and 2) 


between the first and the second respiration phase. Folkes et al. (1952) 
demonstrated how the respiration of the seedlings depend on the assimilation 
of nitrogen from the endosperm reserves. High respiration activities were 
found in seeds with a high content of nitrogen reserves. The respiration per 
unit »protein»-N in the embryos however remained about the same, indepen- 
dent of the nitrogen reserve. Seedlings with different growht capacities, 
therefore had the same respiration per unit active protoplasm. 

Our results, illustrated in Figure 3, show that the respiration per unit 
»protein»-N in the embryo had not been affected by the irradiation. This 
would seem to confirm the idea expressed above that the respiratory mecha- 
nism has not been impaired. It is also evident that there is no deficiency of 
carbohydrates in the treated seedlings. Any such dificiency would have 
resulted in a reduced respiration rate per unit protein. It appears reasonable 
to assume that the reduced growth capacity of the irradiated seeds is respon- 
sible for the decreased respiration rate shown in Figure 1. The close relation- 
ship between respiration, embryo dry weight, and protein content of the 
embryo is illustrated in Figure 4. Relative figures, based on values for the 
7th day, are plotted as a function of the radiation dose. 

The growth indicated by the shoot lengths seemed to be more influenced 
than growth in terms of the embryo dry weights. 

The Nitrogen Metabolism of the Seedlings. — There is evidence that the 
nitrogenous materials in the endosperm, mainly proteins are broken down to 
amino acids and transported ihrough the scutellum into the embryo. Figure 
5 shows that the total nitrogen and the »protein»-nitrogen disappear from 
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the endosperm at about the same rate with the result that the amount of 
»soluble» nitrogen remains fairly constant. »Soluble»-N is the difference 
between total N and »protein»-N. This indicates that the protein fraction 
is broken down to amino acids at the same rate as the amino acids are 
removed from the endosperm. 

The disappearance of nitrogen from the endosperm is somewhat slower in 
the irradiated than in the normal seedlings. The amounts of »soluble»-N are 
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Figure 5. Changes in total-N and »pro- 
tein-N» in the endosperm during the first 
7 days of germination. total-N, - - - 
»protein-N», © control, ® irradiated by 
3x 10°’n,,/cm?, x 6x 10"n,,/em?. N mg 
in 5 endosperms. 
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Figure 6. Changes in total-N and »protein- 
N» in the embryos during the first 7 days 
of germination. total-N, - - - - »pro- 
tein-N», © control, ® 3x 10'’n, /cm?, X 
6x 10!?n,,/cm?. N mg in 5 embryos. 


not appreciably different however, and this might indicate that the proteo- 
lytic activity in the endosperm has not been affected by the irradiation. 


Figure 6 illustrates how the nitrogenous fractions appear in the embryo. 
At the beginning of the germination period the content of »soluble»-N is 
very high as compared with that of »protein»-N. This is also apparent from 
Figure 7, where the ratio between »soluble»-N and »protein»-N is plotted 
against the period of growth. After the first day of growth there is a rapid 
synthesis of protein in the normal seedlings. From the third day the 
increase in »soluble»-N and »protein»-N are proportional, indicating that the 
protein synthesis keeps pace with the nitrogen transport into the embryo. 
When the experiments were terminated after 7 days, the nitrogen reserves 
in the endosperm were not quite depleted. 


In the irradiated seedling the synthesis of protein soon begins to slow down 
and from the fourth day cannot keep pace with the transport of nitrogen 
from the endosperm. Figure 7 shows that the ratio between »soluble»-N and 
»protein»-N (S/P) then increases progressively in the two irradiated series, 
most rapidly in the one that received the largest dose. This leads to the 
conclusion” that the synthesis of protein is inhibited in the seedlings from 
the irradiated seeds. This reduced ability to synthesize proteins is probably 
not due to any defect in the mechanism supplying the proper amino acids. 
Paper chromatographic analysis of embryo extracts always showed the same 
amino acids to be present in irradiated seedlings of different growth stages 
as in the corresponding non-irradiated ones. . 

The Nucleic Acid Metabolism. — From Table 1 it may be seen that the 
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nucleotide contents of the embryo are considerabley lower in seedlings from 
irradiated seeds than in normal seedlings. On the fifth day of growth the 
seedlings that received the largest dose of radiation, had only about one- 
third the nucleic acid content of the non-irradiated ones. 

These results were supported by cytological examinations. By the Feulgen 


Table 1. Estimation of the nucleotide content of embryos of normal and irradiated seeds. 
Values given as mg nucleotides found in the analyzed samples and as percents of dry weight. 


'Third day Fifth day 
| Fraction determined 5 
| Control | 3X1012 | 6X102? | Control | 3x1012 | 6X101? 


A. Total nucleotides 


eichedkoui mes ee +... 30.2 40.0 44.3 48.8 44.3 36.2 
Nucleotide content mg. .......... 0.85 1.24 1.06 0.88 0.59 0.41 | 
BEMCen leis ES el LEE RO 2.81 2.57 2.38 1.79 1.33 1.13 


B. Low molecular weight nucleotides 


Weighed outime trees. eier 59.7 42.7 35.0 52.0 32.1 35.9 

Nucleotide content mg. .......... 0.95 0.85 0.64 0.54 0.49 0.31 | 

BCHRCCNEMER PETER RTE RER EURE 1.59 1.99 1.83 1.04 0.94 0.87 
1.22 0.58 0.55 0.75 0.39 0.26 


C. Nucleic acid content per cent .... 
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stain reaction it was clearly demonstrated that the DNA (desoxyribonucleic 
acid) content was appreciably reduced in the irradiated embryos. T hus, there 
is an apparent parallelism between the nucleic acid content of the embryo 
and its ability to synthesize protein. 

DNA plays an important role in the process of cell division as a principal 
part of the chromosome material. The reduction in DNA content may be 
partly due to the mitotic inhibition. Whereas DNA is found almost exclusively 
in the nucleus, RNA (ribonucleic acid) is abundant in the cytoplasm. Accord- 
ing to recent theories, the synthesis of protein takes place in contact with 
a high molecular weight template in which RNA plays an important role. 
The interrelationship between RNA and DNA is not clearly understood but 
in some manner or other DNA may affect the synthesis of RNA. A better 
knowledge of such principal biochemical relations would certainly help to 
explain the observed correlation between the cytogenetic disturbances and 
the reductions in protein synthesis, respiration and growth. 

Growth. — The effects of neutron irradiation on growth are illustrated 
in Figure 8. Although the germinative capacity was not affected by the 
radiation, a pronounced retardation of growth appeared after a few days. 

Cytological and anatomical examination of barley seedlings have shown 
that the initial germination is a cell elongation. This stage was apparently 
not inhibited by the irradiation. The initial growth is followed by mitotic 
activity and cell division. In normal primary roots the mitotic activity 
appeared 20 to 24 hours after the start of germination. In the apical shoots 
the mitosis of the meristematic zones appeared later. It seemed more diffi- 
cult to determine the exact time of the first mitosis in the shoot. Since the 
root was more suitable for cytological and anatomical examinations, the 
present studies were limited to the primary roots. The roots seemed to be 
more seriously injured by the neutron radiation than the shoots, After the 
onset of mitosis in the meristematic tissue, a number of abnormalities 
appeared in the roots. Mitotic figures became very scarce, particularly after 
a dose of 6X10" ,n/em®. By microscopic inspection the seedlings from 
irradiated seeds were found to contain several injured chromosomes in the 
root meristem. The dosages of 3X 10'? and 6 10!?nı)/cem? resulted in chromo- 
some aberrations in 60 and 80 per cent, respectively, of the anaphase cells. 
Most of these cells were not able to undergo further division. Thus, the num- 
ber of dividing cells in the roots was reduced to a considerable extent, and 
this consequently affected the growth of this organ. Ä 

Neutron-irradiated seedlings have a higher percentage of dry matter than 
normal seedlings. (Ehrenberg and v. Wettstein 1955, Mikaelsen and Oftebro 
(in manuscript)). A relative increase in sugar content in irradiated seedlings 
was reported by Ehrenberg and v. Wettstein, 1955. This result may be 
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explained by the reduced protein synthesis. If the mobilization and trans- 
port of carbohydrates from the endosperm to the embryo proceed in a 
normal manner while the utilization of sugar in synthetic processes is 
inhibited, an accumulation of sugar in the embryo must result. Burstrôm 
(1941) observed a thickening of the roots and an increased formation of 
root hairs near the root apex when wheat roots were allowed to grow in a 
solution of glucose. Burström (1942) showed that B-indolyl-acetic acid had 
similar formative affects. Smith and Kersten (1942) reported that irra- 
diation might affect the balance of auxin and related growth hormones. 
A striking feature of our irradiated roots was a rich formation of long root 
hairs just behind the root apex. Similar observations have been made by 
others using different kinds of radiation. (Mackie, Blume and Hagen 1952, 
Soderholm and Walker i955). This characteristic abnormality might per- 
haps result from the effects of radiation on the levels of auxin and carbo- 
hydrates. 
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Summary and Conclusions 


Dry dormant barley seeds were irradiated with neutrons in the centre of 
an atomic reactor. During the first week of germination the irradiated seeds 
were compared with untreated seeds with respect to respiration, nitrogen 
metabolism and growth. 

If the respiration rate was determined as oxygen uptake per any given 
number of seeds, the irradiated seeds showed a considerably reduced respira- 
tion as compared with normal seeds. When the respiration rate was based 
on the amount of »protein»-N in the embryo, however, there was no differ- 
ence between irradiated and non-irradiated seeds. Therefore, the respiration 
per unit active protoplasm was unchanged, and the respiration process 
itself was apparently not inhibited by the radiation. 

The proteolytic activity in the endosperm and the nitrogen transport from 
endosperm to embryo seemed not to be affected by the irradiation. It 
appeared, however, that the protein synthesis in the embryo was inhibited 
in the irradiated seedlings. This reduced ability to synthesize protein was 
probably not due to any lack of necessary amino acids, but rather to a 
reduction in nucleic acid content. 

The retardation of growth was discussed in view of the results of cytolo- 
gical and anatomical studies. 
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RQ und Q,, in Stämmen von Buchen 


Von 


ERIKA LÖHR 


Pflanzenphysiologisches Laboratorium der Universität, Kopenhagen 
(Eingegangen am 2. Februar 1957) 


Um die Stoffproduktion, d.h. die Nettoproduktion von Waldbäumen zu 
analysieren, muss man die verschiedenen Faktoren der folgenden Stoff- 
produktionsgleichung ermitteln: 

Jährlicher Zuwachs gleich Bruttoproduktion minus (Verlust an Wurzeln, 
Zweigen, Blättern und Früchten plus Verlust durch Atmung in Wurzeln, 
Stämmen, Zweigen und Blättern). 

Diese Gleichung wurde zuerst von Boysen Jensen im Jahre 1910 aufgestellt 
(Boysen Jensen 1932). Die einzelnen Faktoren dieser Stoffproduktions- 
gleichung wurden für den dänischen Buchenwald (Fagus silvatica) besonders 
von Boysen Jensen (1931), Möller (1946) und Möller, Müller und Nielsen 
(1954 a, b) untersucht. Im Anschluss an diese Arbeiten wurden die folgenden 
Untersuchungen über den respiratorischen Quotient und über den Tempera- 
turkoefficient der Atmung der Buchenstämme vorgenommen. 

RQ von Buchenstämmen. Der respiratorische Quotient, RQ, von Buchen- 
stämmen wurde 1927 von Boysen Jensen und Müller untersucht. Doch nur 
Stämme mit einem Diameter bis zu 6 cm kamen in Anwendung. Der gefun- 
dene RQ lag zwischen 0.90 und 1.00; im Durchschnitt bei 0.94. 

Seitdem haben aber Ruhland et al. 1936, 1938 gefunden, dass junge, ‚wach- 
sende Gewebe (jüngstes Holz+Kambium von Syringa und Tilia) einen RQ 
haben, der grösser als 1 ist, d.h. sie haben eine aerobe Gärung, die »nicht die 
Folge eines behinderten O,-Zutritts ist», Dagegen haben Karlsson und Elias- 
son 1955 eine starke Abnahme vom RQ bis 0.8 in abgeschnittenen Wurzeln 
von Weizen gefunden. 

In der vorliegenden Arbeit wurden Buchenstämme mit einem Diameter 
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von 30—35 cm untersucht und zwar im Sommer, von Juni bis August, wo 
die Respiration am höchsten ist. 

Methodisches. Die Buchen wurden in Allindelille Fredskov, einem Wald in 
der Mitte von Seeland, Dänemark, gefällt. Gleich nach dem Fällen wurde 
ein Stammstück mit einem Diameter von 30—35 cm, einer Länge von 40 cm 
und einem Frischgewicht von 30—40 kg herausgesägt. Die Schnittflächen 
wurden mit einer sehr dicken Lanolinschicht bedeckt, so dass der Luft- 
wechsel des Stammstückes nur durch die unversehrte Rinde möglich war. 
Das Stammstück wurde in einem 332 Liter grossen, luftdichten und inwendig 
paraffiniertem Blechbehälter mit Wasserverschluss angebracht (Abb. 1 in 
Möller, Müller und Nielsen 1954 a). Der Rezipient war so gross, dass die 
prozentische Zusammensetzung der Luft sich innerhalb von 24 Stunden nur 
wenig änderte. Der CO,-Gehalt stieg ungefähr auf 1.5 °/o an und der O,- 
Gehalt fiel auf ungefähr 19.3 Yo herab. Die Luft wurde während der 24 
Stunden 4—5 mal mit einem Haldane-Apparat analysiert. Für die Sauerstoff- 
absorption kam eine Lösung von 16 g Na,S,:0,2H,0, 14 g KOH, 3 g Na-$- 
Anthraquinon-2-Sulphonat, 2 Tropfen 10 °/o FeCl, und 100 g H,O nach Bazett 
(1928) in Anwendung. 

Die Analysen ergaben: 


Stammstück 1: Länge 40 cm, Diameter 30 cm, Frischgewicht 31.8 kg mit 55.5 
0%/o Trockenstoff. 90 Jahre alt. Rindendicke 3.5—4.5 mm. Jüngster Jahres- 
ring 1.4 mm dick. Der Baum wurde am 29. Juni gefällt und von 13° Uhr 
ab bei 17° im Rezipienten gehalten. Luftanalyse d. 29. Juni Uhr 20% 
0.18 °/o CO,, 20.55 %o O,, Uhr 23% 0.26 %/o COs, 20.46 9/0 O, (RQ=0.89) 
und d. 30. um 9% Uhr 0.44 % CO,, 20.25 °/o On, (RQ=0.86). 

Stammstück 2: Länge 40 cm, Diameter 34 cm, Frischgewicht 40.4 kg mit 56.4 
0/9 Trockenstoff. 102 Jahre alt. Rindendicke 3 mm. Jüngster Jahresring 
1.8 mm dick. Der Baum wurde am 13. Aug. gefällt und von 16% Uhr ab 
bei 20° im Rezipienten gehalten. Luftanalyse d. 13. Aug. 201° 0.19 °%/o 
CO», 20.74 /o Og, d. 14. Aug. 10 0.67 %/o CO,, 20.21 %/0 O, (RQ=0.91), d. 
14. Aug. 16°° 0.93 %/o CO,, 19.93 /o O, (RQ=0.93), d. 15. Aug. 105 1.58 
9/0 CO,, und 19.21 Vo O, (RQ=0.90). 


Die Respirationsintensität ergab — nach dem Beispiel bei Möller, Müller und 
Nielsen (1954 a) berechnet — für beide Stammstücke 2.5 kg CO, pro 1 m? 
Stamm pro 30 Tage bei 16.1°. Diese Zahlen sind ein wenig niedriger als die 
bei Möller, Müller und Nielsen (1954a) angegebenen Werte, diese gelten 
aber für nur 80—85 Jahre alte Stammstücke. Der respiratorische Quotient 
war 0.89, 0.86, 0.91, 0.93 und 0.90. Daraus ergibt sich deutlich, dass auch 
in dicken Buchenstämmen die Diffusion von Sauerstoff in den Stamm hinein 
ausreichend ist, um einen respiratorischen Quotient von ungefähr 0.9 auf- 
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recht zu erhalten. Wäre die Diffusion von Sauerstoff nicht ausreichend, 
müsste der respiratorische Quotient auf Grund anaerober (intramolekularer) 
Atmung grösser als 1 sein. 

Die am stärksten atmenden Teile der Stämme sind: das jüngste Sieb- 
gewebe, das Kambium und die jüngsten Jahresringe (Möller und Müller 1938, 
Goodwin und Goddard 1940). Eine dünne Rinde ist darum notwendig, wenn 
die O,-Diffusion genügen soll, um eine normale Atmung in diesen stark 
atmenden Stammteilen aufrecht zu erhalten. In den meisten Fällen ist die 
Rinde auch dünn. Bei den hier untersuchten Stammstücken (30—35 cm im 
Diameter) war die Rinde 0.3—0.45 cm dick. Möller, Müller und Nielsen (1954 
a) haben auf Seite 295 eine Tabelle über die Rindendicke von Buchen in 
Dänemark, wo die Dicke bis zu 0.4 cm angegeben ist .Auch die grauen 
glatten Buchen-ähnlichen Stämme im tropischen Regenwald in Côte d'Ivoire 
haben nach D. Müller (mündliche Mitteilung) auffallend dünne Rinden. So 
haben grosse Bäume, alle über 1.5 m Diameter in 1.3 m Höhe, von Khaya 
ivorensis (Meliaceae), Piptadenia africana (Mimosaceae) und Okoubaka aub- 
revillea (Octoknemataceae) in 1.3 m Höhe eine Rindendicke, die nicht grös- 
ser als 0.8 cm ist. Zwar haben andere wie Entandophragma utile (Meliaceae) 
eine 2—4 cm dicke Rinde, aber dann hat sie tiefe Furchen. 

Aus den gefundenen Zahlen ersieht man, dass die Diffusion von CO, und 
O, im Sommer recht beträchtlich ist. Ein Zylinder 1 m? gross und mit einem 
Diameter von 30 cm hat eine Oberfläche (Endflächen nicht mitgerechnet) 
von 13.3 m?. In einem Sommermonat diffundiert hierdurch ungefähr 2.5 kg 
CO, und 2.0 kg O,, d.h. pro m? pro Stunde 261 mg CO, und 209 mg O,. 
Nach den Untersuchungen von Möller, Müller und Nielsen (1954 a) ist die 
Diffusion von CO, aus dünneren und dickeren Stammteilen von Buchen 
von derselben Grössenordnung. Überdies geschieht der Luftwechsel nicht 
nur durch Diffusion, sondern auch durch Konvektionsströmung, hervor- 
gerufen durch Temperaturunterschiede zwischen der Rindenoberfläche und 
dem Kambium. 

Q,0° der Buchenstämme. Um die Atmung der Buchenstämme und den 
daraus resultierenden Verlust an Trockensubstanz auf die mittlere Tempera- 
tur der Jahreszeit zu korrigieren, haben Möller, Müller und Nielsen (1954 a) 
die Temperaturkurve von Kuijper (1910) verwendet. Kuijper’s Unter- 
suchungen beziehen sich aber auf keimende Erbsen, und es war darum er- 
wünscht, den Temperaturkoeffizient für die Atmung der Buchenstämme 
selbst zu ermitteln. Die Schwierigkeit hierbei besteht darin, dass die Atmung 
der Buchenstämme sehr bald nach dem Absägen, durch Verwundung ver- 
ursacht, erhöht wird. Diese durch die traumatische Reizung hervorgerufene 
Erhöhung der nomalen Atmung ist kei unseren Bäumen sehr bedeutend 
(Müller 1924). Die respiratorische Wundreaktion setzt schnell ein, erreicht 
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aber erst ihr Maximum 1--4 Tage nach der Verwundung abhängig von der 
Jahreszeit und der Temperatur. Es galt darum: 1) Die Bestimmungen der 
Atmung so schnell wie möglich nach dem Absägen des Stammstückes aus- 
zuführen, 2) lange Stammstücke zu verwenden und 3) die ersten Bestim- 
mungen bei der niedrigst gewählten Temperatur, in casu 5°, vorzunehmen, 
da der Wundreiz hier nur sehr langsam einsetzt. 

Methodisches. Es wurden 16—25 jährige glatte Buchenstämme verwendet. 
Alle Baumstämme waren ohne Seitenzweige und hatten eine durchschnitt- 
liche Länge von 1.35 m, einen Diameter von 5.2 cm und ein durchschnitt- 
liches Gewicht von ungefähr 3 kg. Die Respiration der Buchenstämme wurde 
bei 5°, 15° und 20° C von Oktober 1954 bis September 1955 untersucht. 
Insgesamt waren es 7 Stämme, die alle aus dem Wald Allindelille Fredskov 
stammten. Sie wurden gleich nach dem Fällen ins Laboratorium gefahren, 
wo die Respirationsbestimmungen sofort vorgenommen wurden. Es ver- 
gingen nicht mehr als 24 Stunden vom Zeitpunkt des Fällens bis zur letzten 
Bestimmung. Der grösste Zeitverlust lag in der Schwierigkeit, den jungen 
Buchenstamm genau auf die Versuchstemperatur zu bringen. Vorversuche 
mit einem Thermometer im Stamm zeigten, dass ungefähr 4—5 Stunden 
benötigt wurden, um den Stamm von 18°—19° auf 5° C zu bringen. Bei den 
endgültigen Versuchen stützte man sich auf diese Erfahrung vereint mit den 
Ergebnissen der Titrationen, um ein Thermometer im Stamm und damit 
unnötige Wundschädigungen zu umgehen. Die Schnittflächen, die im Labo- 
ratorium erneuert wurden, waren mit einer dicken Schicht von Lanolin, ganz 
undurchdringlich für CO,, überzogen. Der Versuchsstamm war in einem 
zylindrischen Blechbehälter, 160 cm lang, 9 cm im Diameter und 9 Liter 
Volumen, angebracht, der in ein passendes Wasserbad mit der entsprechen- 
den Versuchstemperatur gesenckt wurde. Ein CO,-freier Luftstrom, Ge- 
schwindigkeit 30 I/h, wurde durch den Blechbehälter gesogen, das vom 
Stamm ausgeschiedene CO, in 30 ml n/20 Ba(OH), absorbiert und 25 ml 
davon mit n/20 HCI titriert. Die Versuchszeit dauerte 1 Stunde. Bei 5°, 15° 
und 20° wurden fortlaufend Bestimmungen vorgenommen bis die Atmung 
konstant war. Bei 20° konnte dieses leider nicht erreicht werden, da der 
Wundreiz — trotz Länge der Versuchsstämme —- sich in einer von Versuch 
zu Versuch steigenden Atmungsintensität äussert. 

In Tabelle 1 sind die Versuchsergebnisse pro 1 kg Frischgewicht berechnet. 
Der Stamm Nr: 2 war von einem unterdrückten Baum (beschattet, Klasse 
III) und der letzte Jahresring hatte eine Breite von nur 0.07—0.13 mm. Darum 
ist die Respirationsintensität auch nur ungefähr halb so gross wie die der 
dominierenden Bäume. Die anderen untersuchten Stämme waren von herr- 
schenden oder von Bäumen der Mittelklasse mit einer Breite von 0.6—1.4 mm 


des letzten Jahresringes. 
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Tabelle 1. Die Temperaturabhängigkeit der Respiration in Stämmen von Buchen. 


SEE Meer D Su nn ne a nun ne 


F h mg CO, ausgeschieden sa 
: : a Diame- | Frisch- 1 ke Frischgewicht | Trocken- 
St: - | Alt LE : : pro | xg g : 
Datum pe ine ne ter in gewicht pro Stunde bei Bs in 
cm in kg % 
Da 15° 20° 
| 1954 
| 29 Okt. 1 19—24 1.49 4.7 2,932 1.3 2.8 — 56.8 
| 17 Nov. 2 19—27 1.40 4.5 2,206 0.6 sl 189 56.8 
| 24 Nov. 3 17—22 1.40 4.5 2,696 1.4 3.2 4.7 56.8 
| 1955 
9 März 4 19 —23 1.38 5.1 3,062 1.0 3.0 6.0 54.6 
24 März 5 20—25 1.30 5.7 3,794 1.2 2.8 5.1 49.9 
5 Mai 6 16—19 1.24 6.7 4,710 1.8 3.4 6.0 52.7 | 
23 Mai 7 16—19 1.37 5.4 2,998 1,7 3.8 5.6 50:18 
M jes [ay 4.9 53.9 


Der mittlere Trockenstoffprozent der Stämme betrug 53.9 Yo und auf 
diesen umgerechnet ergab die mittlere Atmung der 15—25-jährigen Buchen- 
stämme in mg CO, pro 1 kg Trockenstoff pro Stunde folgendes: bei 5°=2.3 
mg, bei 15°=5.4 mg und bei 20°=9.1 mg. 

Der Quotient für eine Temperatursteigerung von 10° ist somit durch- 
schnittlich Q50_150=2.3 und Qi0°_200=2.5. Die entsprechenden Zahlen für 
keimende Erbsen sind nach Kuijper Q50_150=3.2 und Q10°-»0=2.6. Durch 
den Wundreiz dürfte, wie erwähnt, die Atmung bei 20° zu hoch sein und 
Q,0°_200=2.5 ist somit auch etwas zu gross. Möller, Müller und Nielsen 1954 a 
haben den Temperaturkoefficienten 2.6 im Gebiet von 10°—20° verwendet, 
und die Korrektionen müssen demnach als zu gross angesehen werden. 


Zusammenfassung 


Der respiratorische Quotient von 30—35 cm dicken Buchenstämmen 
ergab bei 17—18° rund 0.90, und daraus wurde geschlossen, dass die Dif- 
fusion und die Konvektionsströmung für eine normale Atmung genügen. In 
ungefähr 1.4 m langen jungen Buchenstämmen war Q5°_15° 2.3 und Q:0° - 20° 
2.5. Der letzte Wert ist, beeinflusst durch den Wundreiz, zu hoch. 
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Introduction 


As briefly stated in a previous paper by the authors (Farkas and Kiräly, 
1955) it has been observed by Konräd in our laboratory that the respiration 
of wheat seedlings grown in the field is more resistant to malonate than the 
O,-uptake of the controls grown in the greenhouse. The detailed investigation 
of this phenomenon have led the authors to the conclusion that in addition 
to the widely confirmed effect of pH (Beevers 1952, Prokosev and Roma- 
nova 1956) a number of still incompletely known factors are also influencing 
the malonate-sensitivity of plant respiration. Failure to obtain clear-cut 
results in some cases is, therefore, due to the fact that the final outcome of 
an inhibition experiment is dependent on various factors (temperature, illu- 
mination etc.) of which the importance of light will be discussed in the 
present paper. 

Since malonate is a specific and potent inhibitor of succinic dehydro- 
genase — if other plausible possibilities are ruled out — the changes in 
malonate sensitivity may point to changes in the role of succinoxidase in 
the overall respiratory process. The experiments to be described below have, 
therefore, a bearing on the general problem of light-activation of enzymes 
which attracted a considerable attention in the last years (Tolbert and Burris 
1950, Galston and Baker 1953, Lavorel 1954, Rubin et al. 1955, Fortini 1955, 
Kolesnikov and Emenova 1956). 
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Materials and Methods 


Wheat plants (Hungarian varieties F 481 and R 23) were grown under ordinary 
greenhouse conditions. In one part of the experiments the emer ging seedlings were 
darkened with black covers to yield etiolated exemplars. The illumination of etiolated 
seedlings took place by exposing them to direct daylight, to the effect of a 300-watt 
incandescent lamp or to UV radiation respectively. For the UV exposure the seedlings 
were given measured doses of radiation from a S-700 Hanau mercury lamp, which 
operates under pressure. The intensities were measured with a thermopile and 
galvanometer, calibrated against a standard lamp. Radiation intensity at the level of 
the seedlings was 1.49X 10? watt/cm?. The light sources were placed always in a 
distance of 100 cm from the seedlings. 

In other experiments 5 days old green seedlings (grown in the greenhouse) were 
darkened for different periods to gain data concerning the reversibility of the light- 
effect. 

The experiments were conducted in July and August 1956. For other details see 
the experimental part. 

Measurement of gas exchange was carried out in a Warburg constant volume 
respirometer in a dark rom at 25°C according to the standard methods. The wheat 
leaves were cut into pieces of a size approximately 3X3 mm and were floated on 
the surface of phosphate buffer solutions (pH 4.5). Malonate was dissolved in the 
same buffer in a concentration of 0.02 M and the pH of the solution was adjusted 
to 4.5. 

The chromatographic experiments were conducted essentially according to the 
methods described by Palmer (1955). The freshly picked plant material was killed 
with hot alcohol, quickly homogenized and five fold diluted. The extract was filtered 
through a column of Amberlite IRA 400 anion exchange resin. The organic acids 
were recovered by formic acid (6 M) elution, the effluent was concentrated in vacuo, 
the residue was taken up in water, passed through an Amberlite IR 120 cation ex- 
change column, concentrated again, redissolved in water and chromatographed. The 
developing solvent was a mixture of ether, acetic acid and water in the proportions 
15:3:1. The chromatograms were run by the ascending technique and finally 
sprayed with bromcresolgreen. 


Results 


Preliminary studies carried out concerning the effect of external conditions 
upon the sensitivity of plant respiration to malonate have shown that etio- 
lated wheat seedlings exhibit an O,-uptake highly resistant to this poison, 
in strong contrast to their illuminated green controls (Table 1). The idea was, 
therefore, very tempting that the malonate sensitivity is in some manner 
correlated with the greening of the plant. Experiments were started to 
verify this hypothesis. 

6—12 days old etiolated wheat seedlings, grown in complete darkness, 
were exposed for various periods to direct illumination by daylight. After 
this procedure the leaves were harvested and the sensitivity of their respira- 
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Table 1. The malonate-sensitivity of respiration in etiolated and green wheat leaves.! 
ger] 
- Inhibition in 
: Qo, EG per cent of 
Material Qo, | treated with| the control 


malonate (100 %) 


Seedlings grown in the field ....................... 3.0 2.1 29 
Seedlings grown in the greenhouse ................. 2.0 0.9 56 
Etiolated seedlings grown in the greenhouse ........ 1.6 1.2 24 


1 The figures given in the Table are representative values selected from a higher number 
of experiments. 


tion to malonate has been assayed in manometric experiments. As may be 
seen from Table 2, an illumination given for 4 hours induces a significant 
increase in the sensitivity of leaf pieces to malonate. Shorter exposures (1 
to 2 hours) resulted generally in relatively insignificant changes and pro- 
longed illumination (up to 8 hours) was hardly superior to treatments given 
for 4 hrs. 

Since an exposure for 4 hrs to daylight is sufficient to induce a consider- 
able extent of chlorophyll formation, some experiments were designed to 
study the possible connection between chlorophyll formation and the light- 
sensitivity of malonate inhibition. To this end studies were undertaken also 
with older plants (12 days old) not responding so quickly with greening 
upon illumination as the younger ones. 

The greening of older seedlings was very feeble after an exposure for 4 
to 5 hrs to direct daylight but in spite of this the malonate sensitivity of their 
respiration augmented. It, therefore, appears that the response is not neces- 
sarily associated with.the presence or absence of chlorophyll. 


Further support for this view was gained by observations on root tissues 
entirely devoid of chlorophyll. In these experiments the root system of whole 
seedlings was freed from the soil and than transferred into Petri dishes where 
the roots were covered with a water sheet of approximately 1 mm and 
exposed to direct illumination by daylight. The water was changed every 
1/2 hrs in order to prevent a considerable rise in temperature. 


It was strikingly interest to find that the root tissues responded in the same 
manner to illumination: their sensitivity to malonate was also highly in- 
creased upon illumination (Table 2). 

A further problem awaiting elucidation was the question whether the effect 
is constant or reversible. Some degree of constancy was already indicated by 
the manometric experiments. The leaves were examined for 2 to 3 hrs in the 
darkness and the light-effect persisted. 
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Table 2. The effect of light on the malonate-sensitivity of respiration in wheat.i 
ee ee ee ee eee 


i Inhibition in 
Plant terial xs Qo, OSES per cent of 
ant materia Illumination Qo, | treated with beetle 
malonate (100%) | 
| 
Etiolated seedlings grown in the green- | 
DOUSC 3 als Alo There ee — 170, 12 25 
= 5 == 4h 300 W 1.6 1.3 19 
— — 2h direct day- 
light 2.0 1.3 35 
=) ee 6h direct day- 
light 742) 1.2 46 
—;, — 3h UV 2.6 | 1.3 50 
Green seedlings grown in the green- | 
NONE RE ne cee ses es — 2.0 0.9 56 
— ,, — 6h direct day- 
light 2.6 1.8 30 
Sire 3hUV 2.6 | oe 30 
Bootsrotsseedlings macae ses soe 0 — 2.4 1.4 47 
— ,, — 4h direct day- 
light 2.4 1.0 61 


1 The figures given in the Table are representative values selected from a higher number 
of experiments. 


To gain a deeper insight into this problem 4 to 5 days old green plants, 
exhibiting a fairly high degree of malonate-sensitivity, were placed in the 
darkness and after different periods subjected to respiratory studies. It has 
been shown that if the malonate-sensitivity once developed it cannot be 
reverted within a short time. The malonate-sensitivity remained on the same 
level after 2 to 3 days of darkening too (Table 3). 

In the light of the above findings it seemed already evident that malonate 
inhibition of plant respiration is a light-dependent process. However, it may 
be argued that the evidence is not complete, since the plants were trans- 
ferred into altered environmental conditions even .if for a relatively short 


Table 3. The effect of darkening on the malonate-sensitivity of respiration 
in wheat leaves.! 


ee EINE EEE ————— 
Qo, of tissues | Inhibition in per 


Duration of darkening Qo, treated with cent of the 
malonate control (100 %) 
D a a a ees ee EEE EEE ee 
DEHrE (Control) Arien. een een 2.0 | 0.9 56 
ae 1.9 | 0.9 48 
SCANS D ee ee ee 1.0 | 0.4 58 
Ce i eee ANETTE: 0.5 | 0.25 49 


1 The figures given in the Table are representative values selected from a higher number 


of experiments. 
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period and not the light is the single factor which has been changed. There- 
fore illumination experiments were conducted also under laboratory condi- 
tions. It became evident that a quick alteration of malonate-sensitivity can 
be achieved only by use of very high light intensities. The best results were 
obtained up to the present with ultraviolet radiations which elicited the same 
effect as the direct daylight (Table 2). This result strongly suggests that 
the effective part of the sun spectrum may be mainly in the ultraviolet. 

It was interesting to find that the ultraviolet light influences positively the 
malonate-sensitivity only in case of etiolated seedlings. If normal green seed- 
lings, grown in the greenhouse, were illuminated with UV radiations for 4 
to 8 hrs, the respiration of the tissues significantly increased and this in- 
creased O,-uptake was less sensitive to malonate than the basic respiration 
(Table 2). 

The same is true of the green seedlings grown in the greenhouse and later 
directly illuminated by daylight (Table 2). In this case a significant increase 
in respiratory rate may be observed which is apparently due to the enhanced 
synthesis of respiratory substrates. The augmented O,-uptake is, however, 
less sensitive to malonate than the basic respiration. — We can hardly give 
a sound explanation for the different behaviour of etiolated and green tissues 
at present. 


The experiments «reported clearly indicate that the light-induced effects 
in etiolated plants may be evoked also under laboratory conditions and can 
really be attributed to some photochemical events. In view of the possible 
bearing of the experiments on the problem of light-activation of enzyme 
systems an other aspect of the problem required detailed examination. 

A number of experiments indicate that light may induce considerable 
changes in the permeability of cell membranes (Cf. the review by Virgin 
1953). We had, therefore, to decide whether the effect of light in our case 
may be attributed to an increased penetration of malonate. Malonate being 
a competitive inhibitor, the relative amount of malonate present in the cell 
and that of the competing substance (succinate) may be of outstanding 
importance. 


For the decision of the problem paper chromatographic experiments were 
conducted with light-treated and control plants with and without malonate 
treatment. It may be seen from Fig. 1 that the same amount of malonate is 
present in the light-treated as well as in the control tissues. This finding rules 
out the possibility of an alteration in the permeability of cells to malonate 
as a source of the changed malonate-sensitivity of respiration. On the con- 
trary, the reported data seem to indicate that light exerts a more direct 
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Figure 1. A paper chromatographic study of the 
organic acids of malonate-treated wheat leaves as 
influenced by illumination. Upper row of spots: 
succinic acid; lower row: malonic acid. 1. Etio- 
lated leaves treated with malonate; 2. Etiolated 
leaves treated with malonate after an illumination 
for 6 hrs by direct daylight; 3: Control (un- 
treated) leaves; 4. Pure substances. 


effect on the malonate reaction. The possible significance of this fact and 
the alternative possibilities of explanation will be discussed in the next 
section. 


Discussion 


As already stated above the results reported in this paper indicate that the 
malonate-sensitivity of respiration — both in green parts of plants and in 
their roots — is highly dependent on previous illumination. In etiolated 
seedlings transferred to daylight the respiration turns to be more sensitive 
and this property once aquired, proved highly constant. The question arises 
what kind of explanation may be offered to account for this phenomenon. 

The most plausible supposition — i.e. that the light enhances the perme- 
ability of cell membranes — was ruled out by the paper chromatographic 
experiments showing an equal amount of malonate both in light-treated 
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and control tissues. An other possibility would be a light-induced alteration 
in the amount of organic acids. It may be assumed that the quantity of 
succinic acid competing with malonate is depressed in the irradiated plants. 
However, according to the chromatographic experiments a surprisingly high 
succinate level can be found also in the illuminated tissues. In the same 
sense a further support is furnished by the fact that the malonate-sensitivity 
remains constant for several days in the green plants after transferring them 
into the darkness. In case of an effect induced by alterations of light-dark 
cycles a reversal in the dark would be highly probable. 

It seems likely from the above statements that the light effect may be 
more directly related to the respiratory mechanism. In fact, shortly that our 
first note on the dependence of malonate inhibition upon different experi- 
mental conditions was published (Farkas and Kiräly, 1955) a paper appeared 
by Rubin and co-workers indicating that etiolated wheat seedlings of the 
same age as in our experiments show demonstrable cytochrome oxidase 
activity only after an illumination for 3 to 6 hrs. Since the pathway of suc- 
cinate oxidation leeds via the cytochrome system the results of the Rubin 
group are in a very striking agreement with our findings. Thus the two 
independent lines of evidences provide a basis on which the light effect on 
etiolated seedlings may be understood: the entire succinoxidase-cytochrome 
system should be activated. 

The involvement of light in the activation of oxidizing enzyme systems 
was postulated in the recent years by several authors. Tolbert and Burris 
(1950) are of the opinion that the enzyme oxidizing glycolic acid is light 
activated. Light activation of indoleacetic acid oxidase has been demonstrated 
by Galston and Baker (1953). Fortini (1955) postulated a light activation 
of catechol oxidase activity in extracted systems. Hageman and Arnon (1955) 
presented evidence that the emergence of TPN-linked activity of glyceralde- 
hyde 3-phosphate dehydrogenase in pea leaves is dependent on exposure to 
light. Hunter and co-workers (1956) reported on different rates of oxidation 
of a number of respiratory substrates (including succinate, citrate, glutamate, 
glycerophosphate and ascorbate) by pea stem tissues grown under different 
light conditions. In addition, it has recently been shown by Haskins and 
Chapman (1956) that in corn plants which are small as a result of seed 
treatment with X-rays or thermal neutrons the activity of several oxidizing 
enzymes is increased. 

It seems, therefore, that the problem of light dependence of enzyme acti- 
vities is a problem rapidly progressing towards its solution (cf. Sissak jan 
1956). It will be recalled, however, that a number of conflicting data were 
also reported. Fritz and Beevers (1955) for example — in contrast to Rubin — 
succeeded in demonstrating cytochrome oxidase activity in etiolated wheat. 
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There are further indications that catalase (Eyster 1950, Appleman 1952, 
Lavorel 1954, Appleman and Pyfrom 1955) and cytochrome oxidase activities 
(Weinstein and Robbins 1955) are also light dependent. These latter findings 
are seemingly also in contrast with the results obtained by the Moscow 
group, since the American workers have found an increase in cytochrome 
oxidase activity when placing the experimental plants in the dark. However, 
it should be stressed that their plant material consisted of green seedlings 
whereas the Rubin group used etiolated plants in its trials. The entirely 
opposite response of cytochrome oxidase activity in etiolated and green plants 
upon illumination is highly similar to our findings about the light sensi- 
tivity of malonate inhibition in green and etiolated seedlings respectively and 
is in a very good agreement with it. 

The light activation of glycolic oxidase is turning also to be doubtful. 
Kolesnikov and Emenova (1956) presented evidence in a recent paper in 
favour of the view that not glycolic oxidase is activated in the illuminated 
tissues but the role of an inhibitor is diminished. 

In over-all summary of our knowledge we may conclude that the light 
activation of enzymes is a problem awaiting further elucidation. The data 
presented in this paper provide certainly an additional indication for the 
possibility of a light-activation of the succinic oxidase-cytochrome system and 
turn the attention to the fact that the role of light must be carefully con- 
sidered in the future in respiratory studies carried out with malonate. 


Summary 


1. It has been shown that the respiration of etiolated wheat seedlings is 
more resistant to malonate than the O,-uptake of green controls. 

2. The illumination of etiolated seedlings by direct daylight enhances 
their sensitivity to malonate. UV radiation has the same effect. 

3. There is no parallelism between the greening of the etiolated plants 
and the rise in the malonate sensitivity of their respiration. Root tissues are 
equally influenced by light. 

4. The light-induced malonate-sensitivity is a fairly constant property 
of the cells since it will not readily be abolished by replacing the plants in 
the dark. 

5. It has been shown using the paper chromatographie technique that the 
results cannot be explained by an increased permeability induced by illu- 
mination. 

6. Green seedlings grown in the greenhouse show an increased respira- 
tory rate if previously exposed to direct illumination by daylight. The 
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enhanced respiration is more resistant to malonate than the original 
O,-uptake. UV radiation induces in green seedlings the same effect as natural 
daylight. 

7. The results are discussed from the point of view of light activation 
of enzyme systems and the tentative explanation is offered that the succinic 
oxidase-cytochrome system is activated in etiolated tissues when exposed to 
illumination. As to the nature of the entirely opposite reaction in green tissues 
we can hardly give an explanation at present. 


The authors are greatly indebted to A. Daniel for her valuable help in the chro- 
matographic experiments. 
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According to Freudenberg’s (1952) hypothesis of lignin formation, coni- 
ferin in the cambial sap of conifers is split into coniferyl alcohol and glucose 
by a ß-glucosidase, and coniferyl alcohol thus produced is condensed oxida- 
tively under the influence of the phenol oxidase; the process of lignin forma- 
tion are formulated as follows. 


CGoniferin— — >Coniferyl alcohol Condensed product 
B-Glucosidase Phenol oxidase (Lignin) 


The present paper. reports on experimental results supporting Freuden- 
berg’s hypothesis in the case of the formation of lignin in the bamboo-shoot, 


and the nature of the “phenol dehydrogenase” designated by Freudenberg 
will also be examined. 


Experimental 


In order to clarify the processes of lignin formation, it is required to 
determine the histochemical localization of lignin as well as the enzyme 
systems in relation to the lignin formation in tissues, and further to study 
the relation of these components quantitatively. Accordingly, prior to the 
experiments on lignin formation, the Maule and Cl,-Na,SO, reactions in the 
different plant tissues were investigated histochemically. 
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1. Color reactions of lignin in plant tissues 


Adler et al. (1948) have shown that the phloroglucinol-HCl reaction of 
lignin is very specific and is given by coniferyl aldehyde groups of the lignin 
molecules. On the other hand, the Cl,-Na,SO, and Maule reactions are said 
to play an important role for discrimination of deciduous- and coniferous 
lignins, though there are certain questionable points concerning the mechan- 
ism of these reactions. From the results of the experiments of model com- 
pounds, Campbell ef al. (1938) suggested that the coloration of chlorinated 

CH30. 
deciduous lignin by Na,SO, was given by a structure of Zu oe 
CH,0” 
in the lignin. Recently Hibbert et al. (1944) reported that the woods which 
yield syringic aldehyde by nitrobenzene oxidation give a positive Mäule 
reaction, whereas those which do not afford syringic aldehyde give a negative 
reaction. 

In order to obtain some additional informations of this problem, the author 

has carried out the following experiments by means of a spectrophotometer. 


The ethanol-benzene-extracted wood meal of 10 species of deciduous woods, 
5 species of conifers and 3 species of bamboos was treated with 1 per cent KMnO, 
for 5 min. at room temperature and then washed. The wood meal was then treated 
with 12 per cent HCl, washed again, and moistened with ammonium hydroxide 
(Maule reaction). The original wood meal was treated with chlorine for 10 min. and 
then 4 per cent Na,SO, was added (Cl,-Na,SO, reaction). The colored solutions 
resulting from both reactions were immediately filtered into cells of an Erma- 
spectrophotometer, respectively, and the absorption spectra were read. 


The results are shown in Figure 1 and Table 1. Two absorption peaks 
around 385 mu and 508 mu were found in both reactions of deciduous woods, 
although there was a little variation according to different wood species; the 
absorption curves of bamboos were similar in shape to those of the deciduous 
woods. The peak at 508 mu was unstable and tended to disappear gradually 
with the laps of time. With the conifers a sole absorption peak was observed 
around 389 mu which presumably corresponds to that of the shorter wave- 
length maxima in deciduous woods and bamboos. From these results, it 
was likely that the absorption peak at 385 mu was caused by the guaiacyl- 
propane component, whereas the other peak at 508 mp was given by the 
syringylpropane component of the lignin of deciduous woods and bamboos. 
In order to confirm the above named supposition, the absorption curves were 
compared with those of the model compounds listed in Table 2. 

Ferulic acid was synthesized by condensing vanillin with malonic acid according 
to the method of Kratzl (1953), and coniferyl alcohol was prepared by the lithium 


aluminum hydride reduction of ethylacetoferulate after Allen and Byers (1949). 
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5 i Figure 1. Absorption spectra of products 
& from Mäule and Cl:-Na2SO3 reactions. 

& —@®— Phyllostachys hetero- 

a cycla Mäule 

x —B— Fagus ‘crenata reaction 


—A-— Pinus densiflora 


—O— Phyllostachys hetero- 

cycla | Clo-NaoSO3 
—O Fagus crenata reaction 
—A— Pinus densiflora | 


380 420 460 500 540 580 620 
WAVE LENGTH, my 


p-Hydroxycinnamic acid, p-hydroxycinnamic alcohol and synap acid were synthe- 
sized also by a similar method from p-hydroxybenzaldehyde and syringic aldehyde, 
respectively. 


The absorption peak of the color reaction product of vanillin was found 
at 400 mu, and that of syringic aldehyde was at 510 mu; thus the former 
showed a close resemblance to that of conifers and the latter to deciduous 
woods as well as bamboos. On the other hand, p-hydroxybenzaldehyde gave 
two absorption peaks, i.e., one at a wavelength shorter than 380 mu and 
another at 520 mu. Furthermore, the acetylated and methylated compounds 
of syringic aldehyde as well as gallic acid gave characteristic red colorations. 

From the results stated above and the facts that trimethylgallic acid gives 
a color reaction similar to that of gallic acid (Campbell et al. 1938), and 
that methylated and acetylated deciduous wood meals also give a positive 
Maule reaction (Migita et al. 1952), it is quite possible that the principal pro- 


HO. 
duct responsible for the absorption peak at 508 mu is a son? Soom 


HO 
nucleus converted from deciduous lignins, and that the alkyl groups in these 


alkylated compounds and wood meal are split off during chlorination to 
produce the above nucleus as suggested by Campbell et al. 

It has been recognized that oxidation of lignins with alkaline nitrobenzene 
results in the formation of substantial amounts of vanillin (in gymnosperms), 
vanillin and syringic aldehyde (in angiosperms), and vanillin, syringic alde- 
hyde and p-hydroxybenzaldehyde (in monocotyledones), and the ratio of 
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Table 1. Absorption spectra of products from Mäule and Clo-NaSO3 reactions. 
— 


Maule reation Cl,-Na,SO, reaction 
Species Max. | Min. | Max. | Max. | Min. | Max. 
a | mp | me | my | mp 
ACERRDAIMNALUILE. 0e ee 380 445 470 380 465 510 
Bellastanen erenata, ...,.,:. ojo eee 400 | * a SO # 
= Cinnamomum camphora .......... 380 445 480 380 460 505 
Sm OG USMCTENOLGA Ga 1 ee 390 480 520 380 465 | 505 
oP Magnoltasobovata se... 395 470 520 390 # = 
ENIPEURUSAHedoensisn dee US. sun 395 480 520 380 * # 
= OPLUSMNIGT Cie ENS SN SOU 390 470 535 380 460 | 520 
NO UERCUSLACULISS UNE. ee 390 470 510 380 460 | 510 
A OLCECUSNACULA Re hs eh cess 385 * * 380 * # 
Quercus myrsinaefolia ........... 380 460 495 380 440 510 
Mean value 388.5 | 465.0 | 506.3 | 381.0 | 458.3 | 510.0 
„ (Chamaecyparis obutusa .......... 410 390 | 
5 |Cryptomeria japonica ............ 390 390 
= Ginkgo bilo dwanec eto « 390 380 
© PUNUS EC CIUSULOTO! ER ee cc. 390 380 
Thujopsis dolabrata .............. 390 380 
7 Mean value | 394.0 384.0 
S Phyllostachys heterocycla ........ 395 480 530 380 * = 
Ê |Phultostachys IR een Bene 380 490 510 380 # SO | 
| s (Phyllostachys reticulata .......... 390 480 525 390 = & 
a Mean value | 388.3 | 483.3 | 521.6 | 383.3 


* denotes plateau of absorption spectra in which no distinct peaks are found. 


Table 2. Absorption spectra of products from Cl:-Na>SO3 reaction. 


Model compounds Max. mit 


Eine Tee oe EI 
Pyrogallol dimethylether .................... 
m-Hydroxybenzaldehyde”. -...........2....... 
PAV GUOXY DEMZOIC, acid er "20. Ceci. 
PARU RE sofas ello er eco esouscscs sas 
Grau Armes soccer ee 
Galliegacıdl a2 3er En ee en 
p-Hydroxyphenylpropionic acid .............. 
p-Hydroxyeinnamie acid’ MN - ce sees 
p-Hydroxycinnamic alcohol .................. 
Bhenylpropyl AICONOIE (occ. cits es 20s een es 
BUSENOlEST ER ee ee nen ncne 
ISoceHgenol ar ee Celeron. 
Faute REINE es PE cmemormans aac 
Dihydroconiferyl-alcohol ...................- 
Coniferyl alcohol 2... a tel > 
Spain AG ee 
Beechenative lignin 72... 


* denotes plateau of absorption spectra in which no distinct peaks are found. 
+ A weak coloration is found but the color soon disappears. 
— No coloration. 
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Figure 2. Absorption spectra of products 
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—O— Syringic aldehyde (2 mol.) +vanil- 
ii \ 


vanillin to syringic aldehyde is usually 1:3 for the angiosperms, while that 
of syringic aldehyde and vanillin to p-hydroxybenzaldehyde is about 2:1:1 
for the monocotyledones. 

Subsequently the reactions were carried out employing mixed solutions of 
syringie aldehyde, vanillin and p-hydroxybenzaldehyde, and the absorption 
spectra were compared with those of deciduous woods and bamboos. The 
results are shown in Figure 2. As seen in Figure 2, it reveals the close relation 
between the color reaction and the ratio of component nuclei of lignins; 
namely, when the molecular ratio of syringic aldehyde to vanillin is 1:2 
the absorption spectrum is similar to that of deciduous woods, and when 
the molecular ratio of syringic aldehyde and vanillin to p-hydroxybenzalde- 
hyde is 2:1 :1, it is similar to that of bamboos. 

The guaiacylpropanes, such as ferulic acid, dihydroconiferyl alcohol and 
coniferyl alcohol, were employed as model compounds of coniferous lignin 
and all these compounds gave the sole absorption peak at 390 mu as observed 
in coniferous woods. In contrast to above mentioned guaiacylpropanes, synap 
acid gave the characteristic unstable absorption peak (520 mu) which is 
quite similar to that of the deciduous woods. 

p-Hydroxyphenylpropionic acid, p-hydroxycinnamic acid and p-hydroxy- 
cinnamic alcohol showed no coloration, or weak and very unstable, if any. 

In order to examine the properties of the lignin which gave a positive reaction, 
each kg. of ethanol-benzene-extracted beech wood meal was chlorinated for 1 hr. or 


treated with 1 per cent KMnO, and then with 12 per cent HCl. Each treated wood 
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meal was washed well and, after air-drying, was extracted with cold ethanol for 
40 hrs. under occasional shaking. The ethanol extracts were condensed in vacuo, 
and were precipitated by pouring into distilled water. The precipitated lignins were 


dissolved in dioxane and were purified according to the method of purification of 
Brauns’ native lignin. 


The materials were of yellow color and immediately turned red by ammo- 
nium hydroxide. However, the color from chlorinated lignin was somewhat 
unstable in comparison to that from the lignin obtained by the Mäule treat- 
ment, and changed to brownish red after several minutes. Both lignins were 
very soluble in ethanol, acetone, dioxane, glacial acetic acid, and dilute alkali, 
and gave syringic aldehyde and vanillin upon nitrobenzene oxidation. The 
chlorine contents were 20.1 per cent (chlorlignin) and 22.6 per cent (Mäule 
lignin), and the contents of methoxyl were 12.62 per cent (15.79 per cent, 
Cl, free basis) and 11.03 per cent (14.25 per cent, Cl, free basis), respectively. 
Ultraviolet absorption spectra of both lignins were different from that of 
native lignin and both gave two absorption peaks at 270 mu and 285 mu. 
Though the syringyl nucleus is found in both lignins, the fact that the 
methoxyl content is less than that of the native lignin (19.9 per cent) from 
beech wood (Kawamura and Higuchi, 1953) suggests the oxidative splitting 
of methoxyl by chlorination as mentioned above. 

Considering the results of model experiments, it should be concluded that 


the methoxyl of the syringyl nucleus in the lignin of deciduous woods and 
HO 
bamboos is split off oxidatively and that the unit RO CN Ce thus formed 
| En 
is responsible for characteristic coloration; the character of these reactions 
is also similar. Furthermore the results above stated indicate that the building 
unit of the lignins can be classified by these histochemical reactions. 

From the experimental results of a series of model compounds on the 
mechanism of the Cl,-Na,SO, color reaction of deciduous woods, Migita 
et al. (1955) recognized that the group responsible for this color reaction was 
a syringyl nucleus situated at the terminal of the lignin molecule, and that 
as the present author has suggested, the methoxyl in syringyl nucleus was 

HO. «1 


split off by chlorination to produce the unit Aa which is the 
noe 


immediate precursor of the color reaction. 


3, Histochemical observations 


Unless otherwise mentioned, bamboo-shoot and mature bamboo were used 
as the materials for the present experiments. 
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a) Lignin 


Two shoots were employed for each species of bamboo i.e., Phyllostachys hetero- 
cycla, P. nigra var. Henonis and P. reticulata. The height of shoots was within 2 to 
2.5 m. After the sheath was peeled off, the blocks of tissues (2.5 cm. in length) were 
cut off successively from the top at intervals of 15 cm. The transverse and longi- 
tudinal sections (about 60 u in thickness) were prepared by means of a handmicro- 
tome and the location of lignin in tissues was observed under a microscope after 
treating with phloroglucinol-HCI and the Mäule reagent. 


In the tissues, within about a distance of 1 m. from the top both reactions 
were positive only in the spiral vessels. The reactions became more distinct 
in those tissues of the lower part of shoots, and in the tissues located in the 
portion exceedingly 1.5 m., the positive portions extended gradually around 
the vessels and sieve tubes in vascular bundles. In the base of the bamboo- 
shoot, the tissues giving the positive reaction extended considerably in 
vascular bundles, but no coloration was observed in parenchymatous tissues. 

At the base of a bamboo-shoot which grew up about 5.5 m. in height, 
the entire tissues, including the parenchymatous tissues, became positive. 
These observations indicate that both reactions are already positive in the 
vascular bundles at the top of the young bamboo-shoot, and suggest that 
both nuclei of guaiacyl and syringyl are already formed at an early stage of 
lignification. 


b) B-Glucosidase 


Employing the sections stated above, the f-glucosidase reaction was tested by 
using p-nitrophenol-ß-d-glucoside as a substrate. A 0.05 M solution of p-nitrophenol- 
B-d-glucoside was applied to the section, and after 1 hr. the produced p-nitrophenol 
was given a yellowish orange color by ammonium hydroxide. 


The portion of yellowish orange color was observed around the position 
which gave a positive lignin reaction in the vascular bundles but this reaction 
was negative with a boiled section. As suggested by Freudenberg (1952), 
these facts may explain the close relationship between the lignification and 
B-glucosidase. 


c) Phenol oxidase 


Phenol oxidase reactions were tested by using 0.05 M solutions of p-phenylenedia- 
mine, hydroquinone and catechol as substrates. The solutions of substrates were 


applied on the tissues and after 20 to 30 min. the colored portion was observed 
under a microscope. 


A polymerized product produced by the action of the enzyme was observed 
around the portion of positive lignin reaction in the vascular bundles and a 
close relationship between lignification and the enzyme was also found by 
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this reaction. However, the activity of this enzyme was considerably weak 


in comparison to that of peroxidase which will be stated in the following 
section. 


d) Peroxidase 


The significance of peroxidase for the lignification was pointed out by 
Freudenberg et al. (1954) and Siegel (1953). According to the Siegel’s studies, 
eugenol and coniferyl alcohol were converted to the lignin by the action of 
peroxidase. | 

Qualitative tests for the presence and distribution of peroxidase activity 
in tissues were carried out by using 0.05 M solutions of benzidine, pyro- 
gallol, a-naphtol, guaiacol, and a 1 per cent solution of H,O, as the substrates. 
The activity of this enzyme was very strong. When the above mentioned 
phenols and H,O, were applied to the section, the coloration appeared 
immediately. The peroxidase reaction was found almost in the entire tissues. 
However, in the vascular bundles, especially in vessels and sieve tubes, very 
distinct coloration occurred but the coloration of the parenchymatous tissues 
other than vascular bundles were rather weak. Therefore it is presumed that 
the peroxidase may have a close relation with lignification. 


3. Properties of the enzymes related to the lignification 


a) B-Glucosidase 


From the results of histochemical observation, it has been confirmed that 
the ß-glucosidase occurs generally at the same portion where the lignin 
reaction is positive. As an attempt to know the general properties of the 
enzyme, the optimal pH for the ß-glucosidase activity of the enzyme solution 
was examined in the present experiment. 

Each bamboo-shoot of 3 species was homogenized by a Waring blender, and the 
crude enzyme was precipitated from each pressed juice by saturation of ammonium 
sulfate. After dialysing each precipitate against running tap water for 48 hrs, the 
dialysed solution was used as an enzyme solution. Salicin (0.572 g. per 100 m!.) was 
used as a substrate and the reaction mixture was held at a suitable pH by acetate and 
phosphate buffers, respectively. After 24 hrs. at 30°C, the activity was determined 
colorimetrically according to Sumner (1949), and by means of the Bertrand method. 


The results (Figure 3) show that the optimal pH of the enzyme solution 
of each bamboo-shoot is at 5. 


Substrate specificity of the enzyme 


The activity of the same enzyme solution for p-nitrophenol-ß-d-glucoside, phenol- 
B-d-glucoside and salicin was determined at suitable intervals. 
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TITRATION VALUE, ml 
(KMnO, 1mi = 10.08 mg Cu) 


Figure 3. Effect of pH on the activity 
of B-glucosidase of bamboo-shoots. 
The following system was used. 


Salicin (0.572 g./100 ml.) ...... 3 ml. 
EnZYHe SOIULON EE er 4 ml. 
Buffer solutions. se ayes 3 ml. 


35 40 45 50 55 60 65 70 75 80 


pH 


Table 3 shows that the rates of decomposition of substrates are more dis- 


tinct in p-nitrophenol-ß-d-glucoside, salicin and phenol-$-d-glucoside, in the 
order named. 


Comparison of B-glucosidase activities in the upper-, middle- and basal 
portion of bamboo-shoots 


In order to compare the ß-glucosidase activities in each portion of the 
upper (within 50 cm. from the top), the middle (25 cm. on either side of the 
middle point) and the basal part (within 50 cm. from the base) of bamboo- 
shoots, equal weight of tissues from each portion was taken. 


The enzyme solution was prepared from each portion by the same method men- 
tioned above. Salicin was used as the substrate and the content of sugar produced by 


Table 3. Substrate specificity of a B-glucosidase of bamboo-shoot (Phyllostachys 
heterocycla). Titration values ml. 


——.K.Ke———— _—,—— 


| Substrates -- - ess Fat 
| 0. 1. «a8 6.2, 10130 40 
| p-Nitrophenyl-B-d-glucoside ....... tg EEE ETS 1.25 | 1.28 | 1.96 | 
| Phenol-f-d-glucoside ............. | 0 | 0 — 0.30 0.47 0.75 | 
Salicinins ARE CCR MINE | 0 | © 7080 | 0,70.) 1.00 10 2000 
(KMnO4 1 ml.=10.08 mg. Cu) 


0.03 M substrate solution 3 ml. 
0.1 M acetate buffer 3 ml. (pH 5.0) 
Enzyme solution 4 ml. 
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Table 4 Comparison of enzyme activities of B-glucosidase and phenol oxidase from dif- 
ferent portions (upper, middle and basal) of bamboo-shoots. 


——_—— A 


Enzyme system Upper Middle Basal 

Ghieosidase Es heterocycla eo 14.79 mg. 9.56 mg. 17.96 mg. 

AUOT OR ee no 4.0 mg. 3.49 mg. 5.68 mg. 

1 

P. heterocycla ..... { ea 6.83 bl, | eo 
Pitenol oxidase 14.22 D 13.83 ul. 23.67 ul. | 
Se a Oma i { 6.53 ul. 5.34 ul. 17.00 ul. | 

a 10.69 ul? 8.89 ul. 15.42 ul. 


Glucosidase activity is expressed in terms of produced sugar per Kjeldahl nitrogen, and 
phenol oxidase activity is expressed also in terms of consumed oxygen per Kjeldahl 
nitrogen. 

1 Catechol. ? Hydroquinon. 


the action of enzyme after 24 hrs. at pH 5 was determined. Crude protein in the en- 
zyme solution was precipitated by addition of 1 M trichloroacetic acid, and the Kjel- 
dahl nitrogen of the precipitate was determined by the ordinary method. Sub- 
sequently, the enzyme activity was expressed in terms of produced sugar per Kjel- 
dahl nitrogen. 


The results are shown in Table 4. It is clearly shown that the B-glucosidase 
activity is more distinct at the basal portion than at the upper and the 
middle. This fact may suggest the relationship between lignification and 
participation of the enzyme in the process of lignification as has already been 
pointed out in the preceeding section. 


b) Phenol oxidase 


It has been proposed by Freudenberg et al. (1952) that lignin is formed 
from coniferyl alcohol under the influence of mushroom “phenol dehydro- 
genase” and oxygen. However, the occurrence of the enzyme designated as 
“phenol dehydrogenase” has not been known so far, and it is not known 
whether the enzyme belongs to one of the phenol oxidases such as tyrosinase 
and laccase or whether it belongs to an unknown species. Since the mush- 
room which was employed by Freudenberg et al. has hitherto been used as 
a suitable source of tyrosinase, it may be suggested that the oxidative con- 
densation of coniferyl alcohol is probably catalysed by tyrosinase. Mason and 
Cronyn (1955) found recently that the oxygen consumption by coniferyl 
alcohol in the presence of crude mushroom polyphenol oxidase prepared 
after the directions of Freudenberg was equivalent to about 0.5 atom per 
molecule, but in the presence of the same number of catecholase unit of 
purified mushroom polyphenol oxidase, the oxygen consumption was 
negligible. They accordingly proposed that the oxygen consumption by coni- 
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Figure 4. Oxidation of some phenols by 
bamboo-shoot phenol oxidase. Each 
Warburg vessel contained 1 ml. of en- 
zyme solution and 5 mg. of the substrate 
dissolved in 2.0 ml. of 0.1 M phosphate 
buffer, pH 6.8; KOH was present in the 
central well. 
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feryl alcohol is catalysed by a heat labile system other than polyphenol 
oxidase found in crude mushroom extracts. In order to investigate the pro- 
perties of the enzyme which is responsible for the lignification of the tissues 
of bamboo-shoot, oxidations of some substrates, as well as the effect of 
carbon monoxide on the oxidation of catechol and hydroquinone by crude 
enzymes prepared after a similar to that with B-glucosidase, were examined. 


These results are shown in Figures 4 and 5. It is shown that p-phenylene- 
diamine and hydroquinone are oxidized more readily than catechol, while 
p-cresol is oxidized into a milky white precipitate at a slower rate 
and tyrosine is not oxidized at all. Small inhibitory effects of CQ on the 
oxidation of catechol was found, and in an atiempt to examine the CO-effect 
on each enzyme solution of the upper-, the middle- and the basal portion, 
the effect was more slight for the enzyme of the basal portion than for that 
of the upper and the middle. This fact may indicate that in the upper part, 
CO-sensitive phenol oxidase which may be related to the high metabolic 
activities of the tissues is contained in an amount larger than that in the 
basal portion. Considering these substrate specificity and the minute CO- 
inhibition, the “phenol dehydrogenase” designated by Freudenberg may be 
a phenol oxidase which belongs to laccase. 


In order to confirm this assumption, laccase from Japanese lacquer and 


wild mushroom (Lactarius piperatus) were prepared, and the effect of this 
enzyme on coniferyl alcohol was examined. 
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Figure 5. Effect of CO on the oxidation 
of hydroquinone and catechol by bam- 
boo-shoot phenol oxidase. The influence 
of CO on the enzyme activity was tested 
in experiments where the respirometers 
were filled with gas mixtures of 90 % 
CO+10 % Os and 90 %o N2+10 %/o Os 
(control) by the evacuation method. 
(pH 6.8, temp. 30°C). 

—O— Hydroquinone (Na 90 %/o+0O3 10 0/0) 
—®— Hydroquinone (CO 90 °%/0+0¢ 

10 °/o) 

—A— Catechol (Na 90 %/o+Oz 10 °/o) 
—X— Catechol (CO 90 /o+O2 10 °/o) 
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Laccase of Japanese iacquer was prepared by using about 800 g. of commercial 
Japanese lacquer according to the method of Yakushiji (1941), and laccase of wild 
mushroom (Lactarius piperatus) was prepared from 300 g. of fresh fruit body by a 
similar method (Yakushiji, 1941). 

The potato was homogenized in cold water by a Waring blender. The homo- 
geneous solution was filtered and was used as an enzyme solution of tyrosinase after 
dialysis. 


Typical results on the oxygen consumption by coniferyl alcohol with the 
above named laccases and tyrosinase are depicted in Figures 6 and 7. It is 
shown clearly that oxygen consumptions by coniferyl alcohol in the presence 
of laccases of Japanese lacquer and wild mushroom are equivalent to about 
0.5 atom per molecule, and that the oxygen consumptions are inhibited by 
0.005 M NaN, and salicylaldoxime but not by carbon monoxide. On the 
other hand, in the presence of potato tyrosinase used for a comparative 
purposes, no oxygen consumption was found. 

It is accordingly presumed that Mason and Cronyn’s heat labile system 
found in crude mushroom extracts which catalyze the consumption of a 
certain amount of oxygen by coniferyl alcohol was a laccase. 

Under consideration of these facts, it is concluded that the “phenol de- 
hydrogenase” of Freudenberg which is responsible for lignin biosynthesis 


from coniferyl alcohol is probably a laccase. 
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30 Figure 6. Effects of some inhibitors on the 
oxidation of coniferyl alcohol by laccase * 
of Japanese lacquer. The following system 
was used in the Warburg experiments. 


Side arm: 0.3 ml. of laccase solution. 


= 20 Main compartment: 4 umol of coniferyl al- 
= cohol dissolved in 2 ml. of 0.1 M phos- 
x phate buffer (pH 6.8). 

a Central well: 0.2 ml. of 15 °/o KOH. 

m Final volume: 3.0 ml. Temp. 30°C. 

oO 


—®— CO 90 %/0+0O> 10 %/o 

—O— No 90 %/o+Oz2 10 % 

—A— 88X10% M Salicylaldoxime 
X= OT EMANANS 


The dotted line indicates amount of oxygen 
10 20 30 40 50 equivalent to 0.5 atom per molecule of coni- 
MINUTES feryl alcohol. 


* Oxygen consumptions for 5 min. catalyzed by 0.3 ml. of the enzyme solution were 
160 ul (pyrogallol) and 70 ul (catechol). 


Comparison of phenol oxidase activities in the upper-, the middle- and the 
basal portion 


The enzyme solution in each portion was prepared by a method similar to the 
case of ß-glucosidase and the activities were compared. Catechol and hydroquinone 
were used as substrates, and the enzyme activity was expressed in terms of consumed 
oxygen per Kjeldahl nitrogen of the enzyme solution. 


The results are shown in Table 4. It is shown, similar to B-glucosidase, the 
phenol oxidase activity is intense at the basal portion rather than at the 
upper and the middle. It is interesting to note that the oxidase activity is 
intense in the basal portion where lignification is in progress than in the 
upper. 


c) Peroxidase 


As stated in the histochemical observations, the peroxidase activity was 
very strong in comparison with that of phenol oxidase in these bamboo- 
shoots. Although no particular investigation about the properties of per- 
oxidase of bamboo-shoot has been made in the present experiments, the 
enzyme is markedly inhibited by KCN and NaN, and the activity is lost by 
a 5 min.-100°C treatment. 


Comparison of peroxidase activities in the upper-, the middle- and the basal 
portion 


2 sets (A: 0.5 to 1 m. in height, B: 4.5 to 5.5 m. in height) of 3 species of bamboo- 
shoots were collected, and 100 g. of tissues from the upper (within 50 cm. from the 
top), the middle (25 cm. on either side of the middle point), and the basal (within 
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25 

N ee 
Figure 7. Effects of some inhibitors onthe 32 Ve ee = 
oxidation of coniferyl alcohol by laccase * = © en 
of wild mushroom (Lactarius piperatus). à Va 
The experimental conditions were the same se 4 
as those described in Figure 6. + 10 & A 
* Oxygen consumptions for 5 min. cata- iy 
lyzed by 0.3 ml. of the enzyme solution / 
were 128 ul (pyrogallol) and 85 ul (cate- vs 
chol). / 

10 20 30 40 50 


MINUTES 


50 cm. from the base) portion, respectively, of each set of bamboo-shoot was taken. 
The tissues were homogenized in 50 to 70 ml. of 0.1 M phosphate buffer solution 
(pH 6.8) by a Waring blender and after removing the residues by pressing between 
a cloth the pressed juices were centrifuged, and the supernatants were used as en- 
zyme solutions. Each residue was thoroughly washed by distilled water until the 
peroxidase activity of the wash liquid disappeared; after pressing with cloth, the 
peroxidase activity bound with cell materials was examined. In determination of 
peroxidase activity, 2 ml. of the enzyme solution, 100 mg. of pyrogallol and 0.2 ml 
of H,O, were added to 40 ml. of distilled water, and after 5 min. at 20°C the enzyme 
was inactivated by adding 1 ml of 5 per cent H,SO,. The produced purpurogallin 
was immediately extracted by shaking with several portions of ether in a separatery 
funnel. The ether extracts were combined, made up to 100 ml., and the optical den- 
sity of the solution was determined by an Erma-spectrophotometer set to a wave- 
length of 500 mu. The weight in mg. of produced purpurogallin was calculated from 
a calibration curve showing the relation between optical density and weight of pur- 
purogallin; for the latter a standard solution of purpurogallin in ether was employed. 
The activity was expressed in terms of mg. of purpurogallin per Kjeldahl nitrogen in 
enzyme solution used. As for the peroxidase activity of the residue, 200 mg. of mate- 
rials was used as the enzyme preparation and the produced purpurogallin was 
determined as stated above, the activities being read in terms of mg. of purpurogallin 
per Kjeldahl nitrogen in 200 mg. of residue. 


The results are shown in Table 5. As seen from the Table, the activity is 
generally more intense at the basal than at the upper and the middle portion 
as is the case with ß-glucosidase and phenol oxidase. The activity is especially 
intense with bamboo-shoots 4.5 to 5.5 m. high in which the lignification 
has proceeded to a greater extent. A remarkable difference in activities of 
these different portions is found, i.e., in the basal portion the activity is con- 
siderably intense in comparison to that of the upper and the middle portion. 
On the other hand, it is noteworthy that the peroxidase activity of the well- 
washed residue is similar to or more intense than thai of soluble enzymes, 
and that the enzyme is less sensitive to high temperatures than soluble en- 
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Table 5. Comparison of peroxidase activities‘ in various portions (upper, middle and 
basal) of bamboo-shoots. 


Insoluble peroxidase 
Material Soluble peroxidase which combines 
with cell materials 


P. heterocycla : 
In: 


P. nigra | 
(B 
U 
A {M. 
P. reticulata 2 $ 
Bes MER 
IE 


! Peroxidase activity is expressed in terms of mg. of purpurogallin per Kjeldahl niiro- 
gen in enzyme solution. 
2 Group A represents young bamboo-shoots (0.5—1.0 m.) and group B represents fairly 


grown shoots (4.5—5.5 m.). 


zymes, its activity not being lost after 5 min. at 100°C but lost gradually 
after 30 min. 

As is shown from these experimental results, it is very interesting that the 
peroxidase activity is more intense in the basal portion of bamboo-shoots 
than the upper, and the peroxidase which combines with cell materials is 
fairly stable against heating and is very active. These facts suggest that the 
peroxidase, especially that which combines with cell materials, may be 
closely related to lignification. 


Summary 


1. The following results were recognized by means of Maule and Cl,- 
Na,SO, reactions. 

The group responsible for both color reactions is the syringyl nucleus in 
the lignins of deciduous woods and bamboos, and the methoxyl group of the 


HO 
syringyl nucleus is split off oxidatively. The Ho—Ÿ Sc unit thus formed 
A 
HO 


Physiol. Plant., 10, 1957 


BIOCHEMICAL STUDIES OF LIGNIN FORMATION. I 371 


gives the characteristic coloration, and therefore the building unit of the 
lignins can be classified histochemically by both reactions. 


2. Histochemical observations of B-glucosidase, phenol oxidase and per- 
oxidase in the tissues of three species of bamboo-shoots were made. These 
enzymes are located generally around the portions showing positive lignin 
reaction in the vascular bundles, and these facts may explain the close rela- 
tionship between these enzymes and the lignification as suggested by Freu- 
denberg. 


3. Concerning the properties of these enzymes the following facts were 
found. 


“Phenol dehydrogenase” designated by Freudenberg which is responsible 
for lignin biosynthesis from coniferyl alcohol is probably a laccase. Per- 
oxidase activity is very strong in comparison with that of phenol oxidase 
in bamboo-shoots, and the peroxidase which combines with cell materials is 
fairly stable to heat and is very active. The activities of these enzymes are 
intense at the basal portion of bamboo-shoot where lignification is in progress 
and this fact may suggest a relationship between lignification and participa- 
tion of these enzymes in the process of lignification. 


The author is greatly indebted to Prof. Dr. I. Kawamura for his instructive advice 
in the course of this study. Thanks are also due to Dr. Matsubara of this University 
for the gift of dihydroconiferyl alcohol and p-hydroxyphenylpropionic acid, and to 
Prof. Dr. T. Mori of the biological Institute, Faculty of Science, Nagoya University 
for his stimulating interests and encouragements during the course of the study. 
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All classical investigations of the geotropic responses of roots have been 
performed with roots surrounded by moist air. Such a method offers few 
possibilities of changing several external factors, which may be supposed to 
influence the geotropism. The effects of alterations of the stimulation inten- 
sity are well known, and there are also several investigations of the tempera- 
ture effects as well as effects of the light factor. However, the importance of 
chemical factors in the environment is very little known; our scant knowl- 
edge consists of statements concerning the effects of gases, impure air, and 
so on. Attempts to determine the influence of chemical substances in a sur- 
rounding nutrient solution have been performed by Cholodny (11) and Strug- 
ger (32), but in both these cases objections can be raised against the methods. 
The investigators have treated the roots in water solutions but have exposed 
the roots to moist air before the stimulation. That this method involves great 
risks is easily understood. Cholodny himself (12) has later shown that a drop 
of water hanging at a root tip will decrease the growth of the root. Therefore 
an uneven water supply to the root may have uncontrollable effects. Further- 
more, the roots are not exposed to the investigated factor during the experi- 
ment, which entails the possibility of recovery. Another point is that the roots 
will suddenly receive an increased supply of oxygen. As to the effects of 
alterations of this kind, our knowledge is limited to the report of Cholodny 
that his roots grew more rapidly when they were taken up from the solution 
into air. These difficulties can be avoided by allowing the roots to remain 
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immersed in water solution during the whole experiment. Such a method is 
described by the author (28, 29) and is used in this investigation. 

The experiments in a preceding paper (29) indicated that the geotropic 
reaction of wheat roots is controlled by two curvature factors. In the fol- 
lowing these factors will be called positive and negative responses. The 
visible results of the responses will be called reactions. The reactions consist 
of curvatures or straightenings of already present curvatures. In the wheat 
root the positive response gives rise to a positive reaction. The negative 
response was assumed to cause two negative reactions, separated in time. 
It was also shown in the mentioned paper that the negative reactions were 
more pronounced in a nutrient solution of pH 4.8 than in a solution of pH 6.6. 
This paper deals with a closer investigation of the influence of the pH value 
of the solution upon the different geotropic reactions as well as of the 
influence of some other environmental factors. 


Methods 


The methods of cultivation of the wheat seedlings have been earlier described and 
will not be repeated here (28, 29). It will only be pointed out that the experiments 
recorded in this paper were performed at 25°C. Consequently the plant material 
was kept at this temperature from the germination until the completion of the expe- 
riments. During the course of the investigation the experimental results necessitated 
a modification of the experimental conditions, which will be discussed during the 
description of the results. 


Determinations of the reaction times 


In this investigation the reaction time is regarded as the period from the onset of 
the stimulation until 50 per cent of the roots are curved. A root was considered 
curved as soon as a curvature could be detected, provided that the curvature con- 
tinued to develop. The registration was photographic, and therefore the situation in 
two subsequent pictures could be compared. Under some circumstances curvatures 
appear and disappear. This phenomenon will be discussed in the proper cases. 

Presentation times have not been determined. It has been shown that the latent 
period, which is the difference between the reaction time and the presentation time, 
under different conditions is approximately constant (4, 28, 36), and therefore the 
reaction times have been considered to give information of the length of the presen- 
tation times. 

The method employed has recently been discussed and criticized by Larsen (20). 
He has shown that in his material, roots of Artemisia, small curvatures were formed 
even if the roots were not stimulated. The curvatures reached five degrees, posi- 
tive or negative. It should be mentioned that in Larsens experiments the roots were 
rotated on a clinostate before the recording of the results. Now if the roots were 
stimulated for half a minute and then rotated in the same manner a slight positive 
reaction was shown. At the same time the spread was increased. Larsen suggests 
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that if a fine technique is used, there are always nearly 50 per cent positive curva- 
tures. In the author’s experiments no curvatures similar to those obtained by Larsen 
were recorded. According to Lundegärdh (24) gravity inhibits the nutations, and 
therefore these are greatly increased by rotation on a clinostate. This may explain 
the difference in the behavior of the roots in Larsen’s experiments and the authors. 
Previously investigators have usually fixed a certain degree of curvature which 
should be present before a root was regarded as curved. Larsen states that in deter- 
minations of presentation times according to this method the recorded result is not 
a minimum reaction, which should be the aim of such determinations. The method 
involves too long a presentation time, and the minimum reaction cannot be indi- 
cated in this way. In order to obtain a correct method; Larsen suggests that the 
mean curvature given by a certain stimulation should be determined for a series 
of different stimulation times. After that an extrapolation to the true minimum reac- 
tion can be made. Of course, such an extrapolation is possible provided that there 
is a linear connexion between the intensity of the stimulation and the magnitude of 
the curvature. This is shown to be approximately the case by Lundegardh (22). 
Undoubtedly Larsen’s method is the best one for a true determination of the mini- 
mum reaction. 

But why is the reaction time studied in this investigation? From a theoretical point 
of view the geotropic reaction chain is divided into three phases: 1) the susception, 
i.e., the physical process, giving rise to 2) the perception, i.e., the primary physio- 
logical phase; finally 3) the reaction, the visible part of the reaction chain. The 
presentation time must be connected with the perception. However, at present we 
do not know very much about the physiological processes during this period. For 
this reason variations in it are more interesting than its real length because the con- 
ditions which change the presentation time may give information of the perception. 
Now, as there is a connection between the quantity of the stimulation and the 
magnitude of the reaction, a supposition for the extrapolation according to Larsen, 
it must also be possible to determine the moment when a certain small curvature has 
developed in order to find changes in the presentation time. Therefore it seems to 
the author that the method of determining 50 per cent curved roots as a means of 
obtaining a measure of the presentation time is correct. 


Measurements of the curvatures 


The method of measuring the curvatures has been described in a foregoing paper 
(29) and will be only briefly mentioned here. The measurements have been per- 
formed by means of a microscope directly on the photographic negatives. They have 
been made with an accuracy of five degrees. The curvature imports the angel be- 
tween the direction of the root tip and its original growth direction. 


Growth measurements 


The growth of the roots can be measured directly on the photographic negatives, 
which is most easily undertaken after projecting the pictures on a screen. The 
magnification of the roots in such cases has been about 4 diameters. This method, 
however, is not quite free from objections. The reason is that the roots do not always 
grow parallel to the plane of the camera. Therefore only the projection of the root 
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in this plane is recorded, and the measured lengths may be too low. The growth 
measurements could have been supplemented with separate determinations of verti- 
cally growing roots. However even this method is not free from objections, because 
the results may be compared only if there is no growth reaction connected with the 
geotropic bending. The problem has been discussed in an earlier paper (29), in which 
it was also shown that the curvatures of a wheat root are connected with growth 
inhibitions. Therefore also the occasional errors in the growth measurements must 
be discussed in the proper cases. 


Experimental Results 


I. Observations of the growth direction of the roots 


In the experiments only the reaction of the central root is followed. This 
is not an orthotropic organ but deviates from the vertical line when growing 
by itself in a solution. This means that it is plagiotropic. The plagiotropic be- 
havior of the roots involves that they grow at a certain angle to the vertical 
line at the moment when they are selected for the experiments. It was found 
that the angle is dependent on the pH value of the solution and that the devia- 
tion is greater the more acid the solution (figure 1). The roots were planted 
vertically and photographed after 12 hour’s growth in the solutions. Experi- 
ments were undertaken to decide whether the direction of the deviation was 
determined by the anatomy of the plant seedling. Normally the wheat seeds 
germinated with the ventral side against the filter paper. When seedlings 
germinated in that position are planted in glass tubes the roots usually de- 
viate to the side where the coleoptile is placed. Therefore seeds were placed 
with their dorsal side against the paper. After germination and planting in 
the glass tubes it was found that in such cases the roots usually deviated to 
the other side. However, there was always exceptions to this rule, and there- 
fore the problem was further investigated. A closer examination showed that 
when a seedling was planted in a glass tube the root normally became a little 
inclined, and when the seeds were sown with their ventral side down, the 
inclination was mainly towards the coleoptile side. When the seeds were ger- 
minated in the opposite position, the inclination was mainly to the opposite 
side. Therefore the direction of the inclination after the planting was marked 
out. In an orthotropic root such a deviation should rapidly disappear and the 
root grow vertically, but in the case of the wheat roots it was found that on 
the following day all the roots deviated in the same direction as they had 
been placed in planting. Therefore, it could be concluded that the anatomy 
of the wheat seedling is of no determining signification for the direction of 
the deviation from the vertical line and that the central root is not a dorsi- 
ventral organ but is physiologically radially built. Further, it could be con- 
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Figure 1. Wheat seedlings, cultivated in nutrient solution at 25°C. The roots were placed 
vertically and were allowed to grow independently during one night. 


A. Cultivated at pH 5. — B. Cultivated at pH 6.6. 


cluded that there is no effect of the geotropic stimulus during the growth on 
the filter papers persisting after one night of vertical growth. This agrees 
well with the earlier discussed observation (29) that the root may be placed in 
an arbitrary position when it is exposed to unilateral influence of gravity. 
The course of the reaction as well as the reaction time is not perceivably 
changed if the coleoptile side is placed upwards or downwards or to one 
side. Also this result must be interpreted as supporting the idea that the roots 
are radially built. If roots which have been grown at a lower pH are trans- 
ferred to a solution with a high pH value, the roots suddenly change their 
growth direction, which is shown in figure 2. In this experiment, the roots 
have been grown in a solution with an original pH value of 4.8 during the 
night. In the morning they were transferred to a solution with pH 7.0. The 
picture shows the situation after about 6 hours. The change in the direction 
of growth is not initiated by a change in the influence of gravity but only by 
a change in the environmental conditions. The curvature starts at the tip, 
but it is not, or very slightly, extended backwards in the root, and therefore 
it differs from a positive geotropic reaction (figure 3). Nevertheless, it can- 
not be doubted that gravity determines the growth direction, because it has 
earlier been shown that the roots are physiologically radial. The reaction 
time of the bending has been roughly determined and the mean of 20 roots 
was 2—3 hours. The spread is rather great and the roots which reacted ear- 
liest changed their direction after 110 minutes, while the slowest ones could 
be recorded after 205 minutes. A consequence of the plagiotropic behavior of 
the root is that it is impossible to use roots which have been cultivated at a 
low pH value for the geotropic experiments according to the method of the 
writer. Therefore, in the experiments which have been undertaken at pH 5 
and lower values, the roots have been cultivated in solutions with pH 6 and 
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Figure 2. Change of the growth 
direction of wheat roots after a 
change of the pH value in the 
nutrient solution from 4.8 to 7.0. 


treated with the solution with the lower value for !/2—1 hour before the 
experiment was started. The treatment was never shorter than 1/2 hour and 
must not be too long because, as it was shown, the roots change their growth 
direction 2—3 hours after the pH of the solution has been changed. 

Of course, there is some spread in the deviation angle of the individual 
roots, which have been cultivated under constant conditions. In the selection 
before the experiments, the roots which showed the least deviation from the 
vertical line were chosen for the experiments. This implies that the roots 
which were used in the experiments are not quite typical for the majority of 
the roots. This fact is of most importance at lower pH values. The conse- 
quences will be mentioned in the discussion of the results. 


Il. The oxygen factor 


The aeration of the solutions in experiments, which were performed at 
25°C, proved to be of great importance not only for the uniformity of the 


Figure 3. The development of different types of geotropic curvatures in wheat roots. After 
projecting the photographs of the roots on a screen, the outlines were marked. In all cases 
5 hours have passed between the situations depicted. 

A. The positive reaction. 

B. The second negative reaction. 


C. Change of the plagiotropic deviation from the vertical line. For further explanation see 
the text. 
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Figure 4. Influence of the supply of 
oxygen on the geotropic reaction of 
wheat roots. The solutions in the ves- 
sels 1 and 2 were aerated with pure 
oxygen during the experiment. The 
solution in the vessel 3 was aerated 
with air. The gas was pressed through 
glass filter tubes in all the vessels. The 
pH value of the solution was 5.0. 
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growth but also for the shape of the curvature. Experiments have been under- 
taken with different methods of bubbling, as well as with gas mixtures with 
different contents of oxygen and nitrogen. The method of bubbling air through 
a glass tube was found to be inadequate, as the shape of the curvatures 
showed some variation with different velocities of the air stream. The dif- 
ficulty lies in the fact that the air-stream cannot be too intensive, because 
the seedlings may be loosened from the holders if the movements in the 
water are too rapid. Therefore the air was pressed through glass filter tubes 
(Jena fritted glass disc, G4) and separated into very small bubbles. With this 
method the curvatures became more uniform than before. However, none of 
the methods supplied the optimal amount of oxygen for the growth and the 
geotropic bending. This is well illustrated by figure 4. In this experiment, 
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Figure 5. Time curves of four of the roots in the vessel 2 of figure 4. The roots, which 
were the straightest at the start of the experiment, were chosen. 
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Figure 6. Time curves of four of the roots in vessel 3 of the figure 4. 
The roots were chosen as in figure 5. 


pure oxygen is bubbled through the solutions, in the two vessels to the left, 
while the right one is supplied with air. Both the oxygen and the air were 
pressed through filter tubes. The original pH value in the solutions was 5.0. 
The time curves of the reaction for 4 roots from vessel 1 and 4 roots from 
vessel 2 are shown in figures 5 and 6. The roots which were straightest at 
the start of the experiment were chosen. As is evident from these curves, the 
more pronounced final positive curvatures, which appear in the solutions 
bubbled with oxygen (figure 4, vessels 1 and 2), are connected with a de- 
crease in the negative reactions. At the same time the growth is considerably 


Table 1. Influence of the supply of oxygen upon the growth of wheat roots in experiments 
with the whole seedlings immersed in the nutrient solution. Every figure is average of 
9 roots. They are comparable two by two. 


Gas, bubbled through the | Longitudinal growth in 
solution mm/6 hours 
Oxygen 4.4 + 0.22 
LO) OEM SAR etry aS SE SA 2.1 + 0.13 
Oxygen 3.4 + 0.27 
AT Uae a Stig ee eee 1.7 + 0.13 
Oxygen 3.6 + 0.25 
A ES RO: 2.3 + 0.03 
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increased, which is shown by table 1. Consequently, it must be stated that 
at 25°C it is not possible to find a supply of oxygen which is supraoptimal. 
The differences in aeration, which are obtained in different experiments, are 
of importance for the time course of the geotropic reaction as well as of the 
growth of the roots. This fact must be considered in the interpretation of the 
experimental results. The aim of the following experiments was to investigate 
the influence of different environmental conditions on the time course of the 
reaction, and therefore also the negative reactions should be considered. 
Thus, it is not appropriate to use a supply of oxygen which strongly reduces 
the intensity of the negative reactions, by performing the experiments under 
bubbling with oxygen. Bubbling with air as constantly as possible would 
seem to be more suitable. The method of pressing the air through glass filters 
has empirically proved to give sufficiently uniform results and was used for 
all experiments which are accounted for in this paper. The finding that the 
growth of the roots is greatest when pure oxygen is bubbled through the solu- 
tions is not in accordance with earlier investigations (13, 21). This may be 
due to the fact that the whole seedlings are immersed in water in the present 
experiments. 


Ill. Experiments with nitrate and calcium 


It is well known that the supply of nitrate (1, 3) and calcium (8, 9) is of 
great importance for the growth of roots. The nitrate deficiency is suggested 
to give a low content of auxin (1, 2, 3), which is easily understood from the 
fact that auxin must be regarded as an intermediate in the oxidation of 
tryptophane (16, 19). In the experiments of the author, roots have been cul- 
tivated in nitrate-free solutions for one night before the exposure to gravity 
was undertaken. However no effects could be established, neither in the re- 
action time nor in the course of the reaction. This is interpreted as due to 
the short duration of the cultivation of the seedlings in the nitrate-free solu- 
tions, which is supported by the investigation of Bosemark (3). He found a 
considerably increased growth of wheat roots with a low supply of nitrate, 
in experiments lasting for 7 days. Within 4 days, however, no increase could 
be recorded. 

Burström (8, 9) has shown, that Ca must be regarded as a growth regula- 
tor. Ca always promotes the cell elongation and is more effective in this 
respect in higher and lower pH values than in intermediate ones. 

In the present investigation the concentration of Ca was varied within the 
limits 0—10-% M by means of CaCl,. The experiments were performed in two 
ways. In one series of experiments the roots were cultivated in the standard 
solution overnight, and early in the morning they were treated with the test 
solutions. In such cases no effects of the Ca content could be established. 
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Figure 7. Influence of calcium 
on the geotropic reaction of 
wheat roots. The Ca content of 
the solutions in the vessels is 
from the left 10-3, 10—4, 10-5 
and 0 M. The seedlings have 
been cultivated in distilled wa- 
ter during one night before the 
experiment was started. 


This was interpreted as due to an accumulation of Ca in the roots, which was 
sufficient for a normal development of the geotropic reaction. The inter- 
pretation is well in accordance with the experiments of Burstrôm, who found 
that wheat roots growing in solutions containing Ca only as a contamination 
showed a growth up to three days, fairly similar to that in solutions with 
low content of Ca. 


In another series of experiments the roots were starved in distilled water. 
Cholodny (11) has shown that one-salt solutions with K or Na inhibit the 
geotropic reaction. If Ca was added the roots curved. Instead of Ca, Mg could 
be used. Cholodny suggested that the effect of the ions was due to their action 
upon the state of swelling of the protoplasm. Warner (38) also came to the 
conclusion that the geotropic reaction is influenced in a different manner by 
different ions and that this effect is in some manner connected to the effect 
of the ions upon the swelling of the protoplasm and the permeability of the 
cells. He found that Ca, Mg, Sr, Ba, Li, and NH, promoted and K and Na 
inhibited the geotropism. Therefore the cultivation of roots in unbalanced 
solutions seems to be inadequate in studies of the geotropism. In this inves- 
tigation the roots have not been treated in a Ca-free nutrient solution but 
in distilled water. In such cases an effect of Ca could be recorded. It was 
found that the roots showed a more pronounced final curvature in solutions 
with a low Ca content (figure 7). The Ca concentration in the solutions is 
from the left 107%, 10-4, 10-5 and 0 M. The pH value of the solutions was 5. 
The time curves of the roots showed that the higher the Ca content the more 
pronounced were the negative reactions. However, the real importance of 
these experiments is difficult to interpret, as the effect of the starvation in 
distilled water is unknown. This problem has not been further investigated 
at present, but it was concluded that in the experiments performed according 
to the routine method differences in the concentration of Ca can be neglected. 
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IV. Influence of the pH value in the solution 


The pH value was adjusted by means of a phosphate buffer of 10-3 M. 
It is well known that it is practically impossible to avoid a shift in the pH 
value of the nutrient solution during experiments of this type, which is 
mainly due to the production of carbon dioxide from the roots. In these 
experiments the pH was measured at the beginning of the experiment and 
the alteration was determined either after 2—3 hours in the determinations 
of the reaction times, or after 24 hours in the experiments concerning the 
time course of the reaction. The alteration was not measurable after about 
3 hours, but after 24 hours there was a tendency of displacement towards a 
value of about 6.8, which could be theoretically expected. In solutions with 
an original pH of 4.8—4.9, which is obtained when KH,PO, is solely used, 
the final pH values lay between the limits 5.7 and 6.0. From an original pH 
of 6.0 values of 6.3—6.4 were obtained, at 7.0 the decrease was 0.2 units at 
the most. Initial pH values of 6.6—6.8 remained practically constant. Finally 
pH values about 7.5 were used. In such cases the shift was also very low 
and amounted to 0.1—0.2 units, which gave a final pH of 7.3—7.4. The fol- 
lowing combinations of phosphates were usually employed: 


1. KH,PO, 10% in the following called pH 5 
JKH,PO, 9x102 » » » » » 6 

2-1Na,HPO, 110-4 

3 ar 2x0 3 » > » » So: 
‘ÎNaHPO, 6X10-4 

4. Na HPO, UNE » » a Wks 


The solutions were mixed in bottles containing 10 litres, which were kept in 
the thermostat, used for the experiments. Before the experiment the pH was 
controlled, but if a shift had taken place (the solutions were in contact with 
the air) no adjustment was undertaken. Therefore the initial pH value was 
not exactly the same in the different experiments. The differences may 
amount to 0.2 pH units. 

The effect of the pH value upon the plagiotropic behavior of the roots has 
already been described. The normal geotropic reaction of the roots gives rise 
to quite another shape in the curvature at high pH values than it does at 
low. Solutions within the limits pH 4 to pH 7.5 have been tried. Figure 8 
shows the result of an experiment. The pH values are from the left 5, 6, 7 
and 7.5. The picture shows the situation after seven hours. In experiments of 
this type there is no pronounced positive reaction in the roots at pH 5. 
Some of them bend downwards, some bend upwards, and the majority show 
alternating upward and downward curvatures. Therefore a reaction time can 
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Figure 8. Influence of the pH value in the nutrient solution on the geotropic reaction of 
wheat roots. The pH value is from the left 5, 6, 7 and 7.5. For further explana- 
tion see the text. 


hardly be determined. However, the roots which show an initial positive cur- 
vature, which normally is soon changed, start curving after about 25 minutes. 
At pH 6 it is possible to make a determination, because in. this solution the 
majority of the roots start a downward bending. The same is the case at 
higher pH values. Table 2 gives a compilation of reaction times. In earlier 
published experiments (28) the reaction time of wheat roots was found to 
be between 20—25 minutes when the initial pH value was about 5.8. In 
these experiments, however, the concentration of the salts in the nutrient 
solution was about 1/100 of the solution used in the present investigation. 
Therefore the results are not quite comparable, and in fact the wheat roots 
react more rapidly and more uniformly in the more dilute solutions. The 
reason has not been more closely investigated, but a possible explanation 
may be given. Brauner has shown (7) that the geoelectric effect consists of 
two different phenomena: the geoelectric effect of the first order (GEE,), 
which can be observed in 10°1—10-? M solutions; the geoelectric effect of the 


Table 2. Reaction times of wheat roots in solutions with different pH values. 


a u 


Original pH value Reaction time Original pH value Reaction time 
4.9 25 min 6.6 60 min 
4.9 26—30 „ 6.6 40—60 „ 
4.8 < 31 x 6.9 40 Pe 
5.6 | 30 aa Sr 
5.7 25 Le À 0 60 onthe 
5.8 40 : 7.6 2 hours 
5.8 35 5 7.5 2—3 a5 
6.0 | 35 ns 7.6 2 ” 
6.7 | 40—60 ,, 

6.8 | 30 5 
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CURVATURE DEGREES 


Figure 9. Time curves of four of the roots in vessel 1 in figure 8. 
For the mode of selection in this and the following figures see the text. 


second order (GEE,), which can be recorded only in solutions < 107? M. 
GEE, is increased in dilute solutions and had its greatest value in the most 
dilute solution investigated 10°? M. Brauner suggests that the geoelectric 
potential usually encountered is of the second order. The problem should be 
further investigated, but it may be possible to explain the shorter reaction 
times which are obtained in more dilute solutions as a result of a stronger 
geoelectric effect and a stronger perception of the geotropic stimulus. 

The use of the more concentrated solutions yields determinations of the 
reaction times that are rather inexact. On the other hand, in the dilute solu- 
tions the pH shift is very great and the time course of the reactions at low 
pH values cannot be followed. Therefore the more concentrated solutions 
were chosen for these experiments. The figures of table 2 have been compiled 
from all the experiments with the more concentrated nutrient solutions. In 
these solutions more accurate values cannot be obtained, but it is obvious 
that the reaction time is prolonged at higher pH values. This is especially 
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CURVATURE DEGREES 


HOURS 


Figure 10. Time curves of four of the roots in vessel 2 of figure $. 


the case at pH 7.5. The growth during 6 hours is determined and found to 
be from the left (figure 8) in pH 5 3.3, in pH 6 3.9, in pH 7 3.7 and in pH 7.5 
2.8 mm. The figures are means averages of all roots. It can be concluded that 
the absence of curvatures in the lower pH values is not caused by an inhibi- 
tion of the growth. From the reaction times it can be concluded that the 
reason is not to be found in a different perception. 


CURVATURE DEGREES 


8 


HOURS 


Figure 11. Time curves of four of the roots in vessel 3 of figure 8. 
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CURVATURE DEGREES 
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HOURS 


Figure 12. Time curves of the rest of the roots in vessel 3 of figure 8. 
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Figure 13. Time curves of four of the roots in vessel 4 of figure 5. 
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CURVATURE DEGREES 


pH 6 


2 3 4 5 6 7 8 
HOURS 


Figure 14. Means of the time curves of all roots in the vessels 2, 3, and 4 of figure 8. 


The time course of the reactions was determined by measuring the curva- 
tures at different times and plotting them against the time. The results are 
shown in figures 9, 10, 11, 12, and 13. It is evident that the positive and the 
two negative reactions are of quite different strength in the solutions. At pH 
7.5 the negative reactions are very weak, and only the second one can be 
detected in the curves. As the pH is decreased, the negative reactions are 
more pronounced; at pH 5 the curvature takes a very irregular course. At 
pH 7.5 and 7 mean values can readily be calculated, but this is hardly pos- 
sible at 6. At 5 it is quite meaningless. It is evident that in the time curves a 
variation takes place in two different respects. Firstly, the magnitude of the 
curvature in positive and negative direction is different. Secondly, there is a 
spread in the time of appearance of the different reactions. Consequently a 
very great number of observations would be necessary to obtain a curve 
representative for the course of the reaction, because the changes in the indi- 
vidual curves will mask each other. Therefore another method was chosen, 
and one curve was drawn for each root. Each experiment was performed with 
nine roots at a time, and a curve was made for each root. As a diagram with 
nine curves is very confusing to read a selection was made. The mean value 
of the curvatures at the end of the experiment was calculated and three or 
four of the roots, which had a final curvature nearest to the mean value were 
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chosen as representatives for the experiment. When this method is used, it 
can be seen from the curves that at pH 5 the curves are chosen quite at ran- 
dom. The higher the pH value, the more the selected roots will approach the 
mean curve. From this experiment the mean curves for the pH 6, 7 and 7.5 
(figure 14) and the curves from all the roots in pH 7 (figures 11 and 12) are 
presented in order to give information of the differences between the time 
curves of the chosen individual roots and the curve drawn according to 
the mean curvatures at the different times. Experiments at still lower pH 
values were performed but only on a very small scale. At pH 4 the growth 
was rather strongly inhibited and no uniform persistent curvature was ob- 
tained. 


Discussion 


The positive geotropic reaction can be understood on the basis of the Went- 
Cholodny theory. According to this the reaction is due to a different growth 
on the upper and the lower side of the root, caused by an unequal content 
of auxin. The unequal distribution originates from a displacement of the 
auxin to the lower side. The mechanism of this displacement is widely 
discussed, but it is commonly regarded as an electrophoresis of the anions 
of auxin and elicited by the geoelectric effect. When a plant organ is hori- 
zontally exposed to unilateral influence of graviiy, the lower surface be- 
comes positively charged compared to the upper side. The potential dif- 
ference is about 5—20 mV. The geoelectric effect was first demonstrated 
by Brauner (5, 6), but its existence has been confirmed by several in- 
vestigators (23, 31) and can hardly be doubted. On the other hand, even 
if the geoelectric effect is present, this does not imply that an unilateral 
displacement is taking place. In fact, it has not been experimentally demon- 
strated. Pilet (26) has found a aiffusion of auxin into an agar plate, laterally 
applied to halves of roots of Lens culinaris. In his experiments, however, geo- 
tropically stimulated roots have not been investigated. An experiment contra- 
dicting the unilateral displacement has been published by Bünning et al. (10) 
Bünning suggests that the difference in the auxin content would more likely 
be due to differences in the production and the inhibition of the substance. 
Hence it must be concluded that the theory of the unilateral displacement of 
auxin is founded on a very weak experimental basis. 

However, presupposing a transversal transport an inhibition of the 
positive reaction in acid solutions could be explained in the following way. 
As auxin is an acid, the decrease in the pH value might be suggested to cause 
a diminished dissociation. If an electrophoresis takes place, only the anions 
would be transported and in a solution with very few anions a transport 
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would be very low. Such an occurrence, however, would most likely give rise 
to a prolongation of the reaction time. It has been shown that the reverse is 
the case, and the reaction time is prolonged at higher pH values. Another 
point is that the action of oxygen, which was shown to give rise to a positive 
reaction at pH 5, can hardly be suggested to cause an increase in the dis- 
sociation. 

The prolongation of the reaction time for the positive reaction can be 
understood in another way. It has earlier been shown by the author (28) 
that a supply of indoleacetic acid to roots gives rise to a prolongation of the 
reaction time. Therefore the possibility that a higher pH value gives rise 
to an increase in the auxin content of the roots was considered. 


In the mentioned investigation the author has used the method of determi- 
nation of 50 per cent curvatures of a certain magnitude as a measure of the 
reaction time. Larsen (20) suggests an objection to this method. If only roots 
which have a curvature of say 10 degrees have been counted, one has not 
taken into consideration the possibility that a curvature of 10 degrees may 
be reached in a period of different length. Therefore if we find that the reac- 
tion time is prolonged by addition of auxin, it is not necessary that the true 
reaction time really is prolonged, because it is also possible that the differ- 
ences exist in the velocities of the bending only. The author has performed 
determinations both of the presentation times and the reaction times. In the 
first case a root was regarded as curved as soon as a positive curvature could 
be detected, provided that it was followed by a straightening. This straighten- 
ing was called autotropic and proved to be very distinct at stimulation times 
near the presentation time. In this method the period between the real pre- 
sentation time and the one determined must be very short. In experiments 
with long stimulation times all the roots were curved, and therefore the re- 
action time could be recorded too. However, the reaction times were deter- 
mined in another way also, namely by recording roots, whose tips deviated 
so much from the original position that a gap of 1/20 mm width appeared be- 
tween the side of the root and the scale of the magnifying glass, lying 
parallel to the root and touching the root tip. The two methods gave closely 
agreeing results and therefore the velocities of bending in the first stages of 
the reactions cannot be very different. 


Auxin can be formed from tryptophane by many plants, and the opinion 
that this is the normal pathway for the production seems to be well 
established (16, 19). The process is shown to be enzymatic and to require 
oxygen (39). It has a pH optimum between 7 and 8 (18, 39). However, it is 
also assumed that auxin is destroyed in the plant by IAA-oxidase (34, 37). 
There are different reports in the literature as to the pH-optimum of this 
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enzyme, but all preparations, that have been produced are almost inactive 
at pH values above 7 (17, 27, 34, 35, 37). 

Auxin is interpreted as an intermediate in the oxidation of trypto- 
phane, and therefore the auxin content must be dependent on both the syn- 
thesis and the destruction. However, the correspondence between the pH 
effect upon the geotropic reaction time and the conversion of tryptophane 
is striking, provided that the prolongation of the reaction time is caused by 
an increase of the auxin content. Especially the great effect of the increase 
of the pH from 7 to 7.5 is noteworthy and can be very well understood from 
the pH curve of the conversion of tryptophane. As a matter of fact, it would 
be expected that the production determines the auxin content which regulates 
the geotropic reaction time, because the curvature begins in the root apex 
and it must be suggested that the main part of the production takes place 
more apically in the root than the destruction. 

Determinations of the auxin content in wheat roots grown in solutions of 
different pH have been undertaken in collaboration with Fransson (30). In 
these experiments, which have been published separately, it could be shown 
that an increase of the pH value was followed by an increased content of 
short-time extractable auxin. After one hour of treatment an increase could 
be recorded. The auxin content was again diminished in experiments with 
12 and 24 hours of treatment. It is not necessary that the reaction time 
should also be shortened parallel to the decrease in the auxin, as it has already 
been mentioned that the reaction time must be influenced by the auxin con- 
tent in the apex. This could not be determined isolated from the content of 
the whole root. If the decrease in short-time extractable auxin is caused by 


an increased oxidation of auxin —- which may be assumed according to 
Galston and Dalberg (15) — it should also be assumed that this destruction 


takes place mainly in the basal part of the stretching zone and in the mature 
cells behind this zone. That this is the case in roots of Lens culinaris is shown 
by Pilet and Galston (26). Therefore it is possible to suggest that the pro- 
longation of the reaction time at the higher pH values used in the experiments 
is due to an increase of the auxin content, called forth by the external con- 
ditions. This can also be put into connection with the decrease in the longi- 
tudinal growth of the roots in the same solutions. 

From this discussion it is evident that the more pronounced positive reac- 
tion at the higher pH values could be caused by an increase in the production 
of auxin. That the roots curve more downwards in a solution with a higher 
supply of oxygen can, however, not be explained in the same way. Of course 
an increased auxin production could be caused by the bubbling with oxygen, 
and in this case the increase of the auxin content would be connected with 
an increased root growth. It is not impossible that the root growth is higher 
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even if the auxin content is raised. À case of a discrepancy between growth 
and content of auxin in Avena coleoptiles has been described by Fransson 
and Ingestad (14). On the other hand, it is not in agreement with the growth 
inhibition which is obtained at pH 7.5 simultaneously with an increased auxin 
content. 

Therefore it is hardly possible to explain the effect of the pH value in the 
solution as an effect upon the positive response only. 

The other possibility is that the negative response is more influenced. It 
has been pointed out that this is connected with a decrease in growth (29). 
Therefore it can be assumed that the supply of oxygen inhibits this process 
resulting in a more pronounced positive reaction together with an increased 
growth. At higher pH values the negative reactions are suppressed also, but 
here the increase of the growth would then be masked by a decrease, caused 
by the more intensive production of auxin. The problem will be further dis- 
cussed in a following paper. 

The other phenomenon reported in this paper is the deviation of the roots 
from the vertical Jine, which is obtained if the roots are allowed to grow inde- 
pendently in the solutions. It was shown to be greater at low pH values than 
at higher, and it could be shown that roots which had grown in an acid 
solution changed their growth direction when transferred to a solution with a 
higher pH value. The change appeared after 2—3 hours and was rather 
sharp. Further it was not extended basipetally in the roots, which is the case 
with the positive geotropic reaction. However, as the roots could be shown 
to be radially built, the behaviour of the roots can hardly be understood 
without the assumption that the deviation is due to the influence of gravity. 
The origin of the deviation is then of a geotropical nature, but its magnitude 
is due to the environmental conditions. This is also the fact with the geo- 
tropic reaction, occurring after stimulation in a horizontal position. There- 
fore the possibility that the two phenomena are due to a common cause is 
conspicuous. Moreover, it is striking that the negative reactions in the normal 
geotropical curvature are not extended in the roots, but seems to take place 
only in a fixed stage of the cell development. The same is the case in the 
change of the plagiotropism at high pH values. Furthermore, the plagiotropic 
behavior implies a deviation in negative geotropic direction. Therefore, it 
seems possible to suggest that the main effect of the pH upon the growth 
direction is an effect upon the negative response. This is also in accordance 
with the earlier assumption concerning the effect of pH upon the time course 
of the curvature. 

If the proposed interpretation of the plagiotropic behavior of the roots is 
true, the selection of the roots before the geotropic experiments yields : 


a 
material in which the negative response is comparable weak. It has been 
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Table 3. Influence of the pH value in the nutrient solution on growth, content of auxin, 
and geotropic responses of wheat roots. 
ER ee 


Function RSS 
High Low 
GLOW ee decrease ! decrease ! 
NID COMENT NN e+e ese ee high low 
Bositivyelgeoltopie response... Mn ? 4 
Negative geotropic response .................. weak strong 
Plagiotropie deviation ........................ weak strong 


* Compared to pH 6 and 7 the growth is decreased in pH 4.5 and 7.5. 


mentioned that the roots which were growing most vertically were selected 
for the experiments and roots with a high degree of plagiotropism were 
rejected. Therefore the role of the negative response is understimated in 
these experiments rather than exaggerated. This source of error is greater in 
acid solutions and can hardly be avoided in the method. 


The effects of the hydrogen ion concentration in the solution are sum- 
marized in table 3. It can be added that the growth is increased and the posi- 
tive curvature is stronger if oxygen is bubbled through the solutions at pH 5, 
which is assumed to be due to a weaker negative response. 


Summing up it can be stated that the results are in accordance with the 
interpretation that the geotropic curvature of wheat roots is determined by 
two responses. The positive one can be understood on the basis of the Went- 
Cholodny theory, provided that the concept of the transversal transport of 
auxin is given up and instead it is accepted that the unequal distribution of 
auxin is due to an unequilateral production of the substance. The auxin pro- 
duction is more intensive at higher pH values, which may have an influence 
upon the time course of the reaction, but such an influence is not proved. 
The negative response must be attributed to some process which affects the 
cells in an early stage of their development and is manifested two times. 
This process varies in strength at different pH values and is more pronounced 
the more acid the solutions. 

At 25°C the first negative reaction and the positive reaction take place at 
about the same time in a solution with pH 5, and often no reaction at all can 
be recorded. In such cases no second negative reaction occurs or it is very 
weak. At pH 6 the positive reaction appears before the first negative one 
sets in, and the same is the case at higher pH values. When the first negative 
reaction is weak, it disappears during the development of the root; the second 
negative reaction is evidenced by a negative curvature, which is still present 
in the root after the end of the elongation process. At still higher pH values 
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both the negative reactions become weaker. The negative reactions cannot 
be put in accordance with the Went-Cholodny theory. 

If the plagiotropic behavior is determined by the same responses as the 
geotropic reaction, this would imply that in a root which is placed out of 
the vertical line both a positive and a negative geotropic response are in- 
duced. At least the strength of the negative one is dependent on the environ- 
mental conditions. The root will find an equilibrium where the two responses 
are of the same strength. This equilibrium will be different under different 
environmental conditions. 


Summary 


This paper deals with some investigations on the influence of the composi- 
tion of the nutrient solution upon the time course of the geotropic reaction 
of the central wheat root. 

It is shown that the root is a plagiotropic organ, which deviates from the 
vertical line when it is allowed to grow independently in a nutrient solution. 
The deviation is originated by gravity and is not due to any inherent morpho- 
logical dorsiventrality of the root. The angle of the deviation from the verti- 
cal line is dependent on the pH value of the nutrient solution and is greater in 
more acid solutions. 

The time curve of the reaction varies in shape in solutions of different pH 
values. The negative reactions are more pronounced at low pH, while the 
positive reaction determines the course of the-reaction at high pH values. 
There are reasons for assuming that the influence of the pH value is greater 
upon the negative reactions than it is upon the positive one. 

The negative reactions can also be suppressed by using a high supply of 
oxygen. 

The possibility of a common reason for the course of the geotropic reac- 
tion and the plagiotropic behavior of the roots is discussed and found to 
be rather probable. 


This investigation has been supported by a grant from the Swedish Science 
Research Council. 


References 


1. Avery, G. S. Jr., Burkholder, P. R. & Creighton, H. B.: Plant hormones and mineral 
nutrition. — Proc. Nat. Acad. Sci. 22: 673. 1936. 


2. — Nutrient deficiencies and growth hormone concentrations in Helianthus and 
Nicotiana. — Am. J. Bot. 24: 553. 1937. 

3. Bosemark, N. O.: The influence of nitrogen on root development. — Physiol. Plant. 
7: 497, 1954. 


Physiol. Plant., 10, 1957 


10. 


11. 


12. 


13. 


14. 


15. 


16. 


17. 


18. 


19. 


20. 


21. 


22. 


23. 


24. 


25. 


26. 


27. 


GEOTROPIC REACTIONS OF WHEAT ROOTS 395 


Brain, E. D.: A comparative study of geotropism in three species of Lupinus. — 
Linn. Soc. Journ. — Bot. 329: 375. 1933. 


Brauner, L.: Untersuchungen über das Geoelektrische Phänomen. — Jahrb. Wiss. 
Bot. 66: 381. 1927. 

— Untersuchungen über das Geoelektrische Phänomen II. — Jahrb. Wiss. Bot. 
68: 711. 1928. 

— New experiments on the geo-electric effect in membranes. — Rev. Fac. Sci. Univ. 


Istanbul Ser B 7:46. 1942. 

Burström, H.: Studies on growth and metabolism of roots. VIII. Calcium as a growth 
factor. — Physiol. Plant. 5: 391. 1952. 

— Studies on growth and metabolism of roots. X. Investigations of the calcium 
effect. — Physiol. Plant. 7:332. 1954. 

Bünning, E., Reisener, H.-J., Weygand, F., Simon, H. & Klebe, J. F.: Versuche mit 
radioaktiver Indolylessigsäure zur Prüfung der sogenannten Ablenkung desWuchs- 
hormonstromes durch Licht. — Zeitschr. für Naturforschung. 11b:363. 1956. 

Cholodny, N.: Zur Frage nach der Rolle der Ionen bei den Geotropischen Bewegungen. 
— Ber. d. deutsch. Bot. Gesellsch. 41: 300. 1923. 

— Ist die Wachstumsgeschwindigkeit der Wurzel von deren Lage abhängig? — 
Planta 17: 794—800. 1932. 

Erickson, L. C.: Growth of tomatoroots as influenced by oxygen in the nutrient solu- 
tion. — Amer. J. Bot. 33: 551. 1946. 

Fransson, P. & Ingestad, T.: The effect of an antiauxin on the indoleacetic acid content 
in Avena coleoptiles. — Physiol. Plant. 8: 336. 1955. 

Galston, A. W. & Dalberg, L. Y.: The adaptive formation and physiological significance 
of indole-acetic acid oxidase. — Amer. J. Bot. 41: 373. 1954. 

Gordon, S. A.: Occurance, formation and inactivation of auxin. — Ann. Rev. Plant. 
Physiol. 5: 341. 1954. 

Gortmer, W. A..& Kent, M.: Indoleacetic acid oxidase and an inhibitor in pineapple 
tissue. — Journ. Biol. Chem. 204: 593. 1953. 

Hendersson, J. H. M. & Bonner, J.: Auxin metabolism in normal and crown gall tissue 
of sunflower. — Amer. J. Bot. 39: 444. 1952. 


Larsen, P.: Formation, occurrence and inactivation of growth substances. — Ann. 
Rev. Plant. Physiol. 2: 169. 1951. 
— Geotropic responses in roots. Some theoretical and technical problems. — In 


proceedings of a symposium: The chemistry and mode of action of plant growth 
substances, edited by Wain, R. L. and Wightman, F. London 1956. 

Leonard, D. A. & Pinckard, J. A.: Effect of various oxygen and carbon dioxide con- 
centrations on cotton root development. — Plant. Physiol. 21:18. 1946. 

Lundegärdh, H.: Ueber die Beziehungen zwischen Reizgrösse und Reaktion bei der 
geotropischen Bewegung und über den Autotropismus. — Bot. Notiser. 1918: 65. 

— Eine neue geoelektrische Reaktion in Wurzelspitzen. — Naturwiss. 30: 144. 1942. 

— Lärobok i växtfysiologi med växtanatomi. — Stockholm 1948. 

Pilet, P.-E.: Contribution à l’étude des hormones de croissance dans la racine du Lens 
culinaris. — Mem. Soc. vaud. Sci. nat. 64: 137. 1951. 

— & Galston, A. W.: Auxin destruction, peroxidase activity and peroxide genesis in 
the roots of Lens culinaris. — Physiol. Plant. 8: 888. 1955. 

Ray, P. M. & Thinmann, K. V.: The destruction of indoleacetic acid. Action of an 
enzyme from Omphalia flavida. — Arch. Biochem. 64: 175. 1956. 


Physiol. Plant., 10, 1957 


396 
28. 
29. 
30. 
31. 
32. 


33. 
34. 


36. 


37. 


38. 


39. 


HENRY RUFELT 


Rufelt, H.: Influence of growth substances on the geotropic response of roots. — 
Physiol. Plant. 7: 141. 1954. 

— The course of the geotropic reaction of wheat roots. — Physiol. Plant. 10: 248. 
1957. 

— & Fransson, P.: Differences in the auxin content of wheat roots caused by 
changes in the pH value of the nutrient solution. — Physiol. Plant. 9: 693. 1956. 

Schrank, A. R.: Changes in electrical polarity in the Avena coleoptile as an antecedent 
to hormone action in geotropic response. — Plant. Physiol. 20: 133. 1945. 

Strugger, S.: Die Beeinfliissung der Wachstum und des Geotropismus durch die Was- 
serstoffionen. — Ber. der Deutsch. Bot. Ges. 50: 77. 1932. 

Söding, H.: Die Wuchsstofflehre. — Stuttgart 1952. 

Tang, Y. W. & Bonner, J.: The enzymatic inactivation of indoleacetic acid. — Arch. 
Biochem. 13: 11. 1947. 


. Tonhazy, N. E. & Pelczar, M. J.: Oxidation of indoleacetic acid by an extracellular 


enzyme from Polyporus versicolor and a similar oxidation catalyzed by nitrite. 
— Science 120: 141. 1954. 

Tröndle, A.: Untersuchungen über die geotropische Reaktionszeit und über die Anwen- 
dung variationsslatistischer Methoden in der Reizphysiologie. — Denkschr. 
Schweiz. Naturf. Ges. Zürich 51: 1. 1915. 

Wagenknecht, A. C. & Burris, R. H.: Indoleacetic acid inactivating emzymes from 
bean roots and pea seedlings. — Arch. Biochem. 25: 30. 1950. 

Warner, Th.: Ueber den Einfluss von Salzen auf die Geotropische Reaktion. — Planta 
12: 635. 1931. 

Wildman, S. G., Ferri, M. G. & Bonner, J.: The enzymatic conversion of tryptophane 
to auxin by spinach leaves. — Arch. Biochem. 13: 131. 1947. 


Physiol. Plant., 10, 1957 


PHYSIOLOGIA PLANTARUM, VOL. 10. 1957 


Die Permeabilität des Plasmalemmas für Säuren 


Von 


RUNAR COLLANDER 


Botanisches Institut der Universität, Helsingfors 
(Eingegangen am 2. Februar 1957) 


1. Einleitung 


Hinsichtlich der Permeabilität des Plasmalemmas pflanzlicher Zellen ste- 
hen heute zwei stark divergierende Ansichten ziemlich unvermittelt einander 
gegenüber (vgl. z.B. Collander 1956). Nach der älteren, sozusagen klassischen 
Anschauung hat das Plasmalemma ebenso wie die Tonoplastenmembran 
eine streng begrenzte, ausgesprochen selektive Durchlässigkeit. Der Gesamt- 
widerstand des Protoplasten diffundierenden Stoffen gegenüber würde sich 
hiernach im wesentlichen aus zwei vermutlich etwa gleichgrossen Teilwider- 
ständen zusammensetzen, nämlich dem des Plasmalemmas und dem des 
Tonoplasten. Nach der anderen Ansicht dagegen, die besonders in den letzten 
Jahren zahlreiche Anhänger gefunden hat, soll das Plasmalemma im Gegen- 
satz zu der inneren Plasmahaut auch für fast ganz lipoidunlösliche Stoffe 
ziemlich frei durchlässig sein. Die hauptsächliche Diffusionsbarriere der 
pflanzlichen Zellen wäre somit nach dieser Anschauung weiter einwärts ge- 
legen und wahrscheinlich mit der Tonoplastenmembran zu identifizieren. 

Wirklich entscheidende Beweise für die Richtigkeit der einen oder der 
anderen Ansicht sind noch nicht erbracht worden und werden wohl — von 
wenigen Ausnahmefällen abgesehen — auch nicht leicht zu erbringen sein. 
Unter solchen Umständen dürften die im folgenden mitzuteilenden Beobach- 
tungen der Veröffentlichung wert sein, trotzdem auch sie nicht die end- 
gültige Entscheidung ermöglichen. 

Der Gedankengang, der unseren Versuchen zugrundeliegt, ist folgender: 
Vergleicht man die Giftwirkungen verschiedener Säuren gleichartigen Proto- 
platsen gegenüber, wird man berechtigt sein zu erwarten, dass diejenigen 
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Säuren, die leichter durch das Plasmalemma hindurch ins Zytoplasma ein- 
dringen, ceteris paribus schneller ihre Giftwirkung entfalten werden als 
solche, die langsamer durch das Plasmalemma passieren. Falls es gelingt, alle 
anderen auf das Endergebnis einwirkenden Faktoren konstant zu halten, 
müsste daher die Geschwindigkeit des Absterbens der Zellen in den verschie- 
denen Säurelösungen ein Mass abgeben können für die Geschwindigkeit des 
Eindringens der Säuren ins Zytoplasma und somit auch für die Durchlässig- 
keit des Plasmalemmas den verschiedenen Säuren gegenüber. 

Aber ist es überhaupt möglich, die Versuchsbedingungen so gleichmässig 
zu gestalten, dass eben das Permeationsvermögen der verschiedenen Säuren 
allein, oder doch hauptsächlich allein, für die Absterbegeschwindigkeit der 
Protoplasten entscheidend wird? Diese Frage wird am zweckmässigsten erst 
nach Vorführung der Versuchsbefunde zu diskutieren sein. 


2. Versuchsmethodik 


Als Versuchsobjekte dienten Zellen der Blattoberseite von Elodea densa. Um eine 
möglichst grosse Gleichmässigkeit des benutzten Zellmaterials zu gewährleisten, wur- 
den nur Blätter mittleren Alters für die Versuche verwendet. Ausserdem wurden nur 
Zellen aus dem Gebiet etwa halbwegs zwischen Blattspitze und Blattbasis beobachtet, 
unter Ausschluss der Zellen des Blattrandes und der Mittelrippe. Um zu vermeiden, 
dass die Kutikula das Eindringen der Säuren verlangsamen könnte, wurden die Blät- 
ter kurz vor dem Versuchsbeginn mit einer Rasierklinge in der Mitte quer durch- 
geschnitten. Nur etwa die 6 der Schnittfläche am nächsten gelegenen Zellreihen 
— selbstverständlich mit Ausnahme der durch den Schnitt beschädigten — wurden 
dann in bezug auf ihr Verhalten den Säurelösungen gegenüber studiert. Doch ver- 
hielten sich auch weiter von der Schnittfläche entfernte Zellen grösstenteils sehr 
ähnlich. 

Die Versuchslösungen wurden durch Mischen von 10 ml einer M/5 Säurelösung 
mit 5 ml M/5 NaOH und 5 ml M/100 CaCl, bereitet. Die resultierenden Lösungen 
waren somit M/20 in bezug auf die freie Säure, M/20 in bezug auf ihr primäres Na- 
Salz und M/400 in bezug auf CaCl,. Ihre Pufferung war offenbar recht gut und ihr 
pH-Wert fast gleich dem pK-Wert der betreffenden Säure. Wichtig war auch, dass 
die Konzentration der nichtionisierten Säuremolekülen in allen Lösungen fast die- 


selbe war (M/20). 

Als Versuchsgefässe dienten 20 ml fassende Glasnäpfchen, die mit je 10 ml Säure- 
lösung und einigen Blatthälften beschickt wurden. Im Falle schnell tötender Säuren 
wurden die Lösungen dauernd gemischt, bei langsam wirkenden Säuren dagegen nur 
während der ersten Minuten. Bei langer Versuchsdauer wurden die Näpfchen ge- 
schlossen gehalten. Die Temperatur während der Säureeinwirkung betrug 20°C. +1°. 
Die Versuche fanden in gedämpftem Licht oder in Dunkelheit statt. 

Nach Ablauf der vorgesehenen Versuchszeit wurden die Blatthälften unmittelbar 
während 5 Minuten unter Umschwenken in Leitungswasser gespült, das durch Auf- 
kochen von freiem Chlor befreit worden war. Sie kamen dann für etwa eine halbe 
Stunde in eine Lösung, die 0,4molar in bezug auf KCl und 0,04molar in bezug auf 
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CaCl, war. Protoplasten, die hiernach normal plasmolysiert aussahen, wurden als 
lebend betrachtet, die nichtplasmolysierten oder unregelmässig zusammengeschrumpf- 
ten dagegen als tot. Schwer zu klassifizierende Zwischenstufen kamen nur spärlich 
vor. Die Prozentzahl der lebenden bzw. abgetöteten Protoplasten wurde in jedem 
Versuch notiert und die Behandlungsdauer so lange verlängert oder verkürzt, bis es 
gelang, die Zeit, in der die halbe Anzahl der Protoplasten abgetötet wurde, entweder 
direkt oder durch Interpolation zu bestimmen. 


3. Die Versuchsbefunde und deren Deutung 


Tab. 1 enthält eine Zusammenstellung der Hauptbefunde unserer Ver- 
suche. Spalte 3 gibt die mittlere Tötungszeit der Zellen, Spalte 4 den pK-Wert 
der Säure und somit zugleich den approximativen pH-Wert der Versuchs- 
lösung, Spalte 5 das Molekulargewicht und Spalte 6 den Verteilungskoeffi- 
zienten der Säure im System Äthyläther/Wasser (hauptsächlich nach Col- 
lander 1949) an. 

Ähnliche, aber nicht gleich vollständige Versuche wurden auch mit zwei- 
mal konzentrierteren sowie mit zwei- und viermal verdünnteren Lösungen 
ausgeführt. Die Tötungsgeschwindigkeiten wurden dabei entsprechend kür- 


Tabelle 1. Tötungszeit in Minuten, pK-Wert, Molekulargewicht und relative Ätherlöslichkeit 
verschiedener Säuren. 


No. Säure Tötungszeit | pR M Kx ther 
1 ChINASAUTEME RER > 2400 | 3,6 192 0,0003 
2 Citronensäure ......... | > 2400 3,0 210 0,0086 
3 NVEIDSAUTE RE. | >> 2400 3,0 150 0,0034 
4 Apfelsäure ............ > 2400 3,4 134 0,015 
5 Tricarballylsäure ...... > 2400 3,0 176 0,060 
6 Glycerinsäure ......... 720 t 3,6 106 0,0090 
7 Aconitsäure ........... 180 2,9 174 0,50 
8 Bernsteinsäure ........ | 180 4,2 118 0,15 
9 Diglycolsäure .......... | 150 | 3,0 134 0,030 

10 Gallussäuren an: | 150 4,4 170 0,50 

11 Malonsaures ="... 37 2,9 104 0,10 

12 Dimethylmalonsäure ... 12 Sh) 132 1,6 

13 Milchsäure an nen. 9 319 90 0,091 

14 Glutarsäure ose 9 4,3 132 0,27 

15 GIYCOISAUTE 4 on eae oo ore 8 3,8 76 0,028 

16 a-Oxy-iso-buttersäure A 4,0 104 0,26 

17 Bavyulınsauser tr... | 2 4,6 116 0,26 

18 Adipinsäure ........... E 2 4,4 ‚ 146 0,54 

19 Methoxyessigsäure .....| 1 = 90 0,18 

20 Pimelinsaure ra... 0,8 4,3 160 le 

21 o-Phthalsäure . ......-- | 0,5 2,9 1 66 1 6 

22 Mandelsäure .......... | 0,5 3,4 152 39 

23 Broepionsaute EEE 0,5 4,9 74 | AB 

24 ISSTSSAUL COC enr rene O;5 | 4,8 60 0,52 

25 Ameisensiure ........- | oy | 3,8 4G 0,42 
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zer bzw. länger, die Reihenfolge der Säuren blieb aber im wesentlichen un- 
verändert. 

Aus Tab. 1 ist sofort ersichtlich, dass die Toxizität der geprüften Säuren in 
sehr weiten Grenzen variiert: führte doch die letzte Säure der Tabelle den 
Tod der Protoplasten in einer zumindest etwa 10.000mal kürzeren Zeit herbei 
als die zuerst genannten Säuren. 

Wir kommen jetzt zu der Frage, wie diese empirischen Befunde kausal zu 
erklären sind. 

Die beobachteten Giftwirkungen können alternativ auf zwei verschiedene 
Ursachen zurückgeführt werden: entweder ist (a) das Plasmalemma von 
aussen her unter der Einwirkung der H*-Ionen der Säurelösung beschädigt 
worden, was dann das Absterben der Protoplasten zur Folge gehabt hat, oder 
aber es ist (b) die Säure durch das mehr oder weniger unversehrte Plasma- 
lemma eingedrungen und hat ihre eigentliche Giftwirkung erst im Binnen- 
plasma entfaltet. 

Um die Realität der Alternative (a) zu prüfen, haben wir die H*-Ionen- 
resistenz der Elodea-Protoplasten u.a. in der Weise untersucht, dass die 
halbierten Blätter der Einwirkung von Zitratpuffergemischen abgestufter 
H*-Ionenkonzentration ausgesetzt wurden, wonach das Überleben bzw. Ab- 
sterben der Protoplasten plasmolytisch wie in den anderen Versuchen fest- 
gestellt wurde. (Die Pufferlösungen waren nach Sörensen bereitet, jedoch mit 
Zusatz von 0,02 M CaCl,.) Es zeigte sich, dass die Protoplasten bei pH 2,4 
nach etwa 8 Stunden und bei pH 2,8 nach etwa 20 Stunden starben, während 
sie in einem Puffergemisch von pH 3,2 noch nach 3 Tagen ganz unbeschädigt 
waren. Es scheint somit, dass bei den in Tab. 1 zusammengestellten Versu- 
chen eine Beschädigung des Plasmalemmas durch die H*-Ionen der Aussen- 
lösung kaum je als Todesursache in Frage kommt. 

Wurde also der Tod in unseren Versuchen gemäss der Alternative (b) im- 
mer oder doch fast immer durch die in das Zytoplasma eingedrungenen 
Säuremengen herbeigeführt, ergeben sich theoretisch drei weitere Alterna- 
tiven (b,—b,). 

(b;) Der Tod wird verursacht durch die H*-Ionen, die bei der Dissozia- 
tion der eingedrungenen Säuremoleküle im Zytoplasma entstehen. 

(b.) Der Tod hängt mit der Lipoidlöslichkeit, Hydrophobie oder Grenz- 
flächenaktivität der Säuremoleküle oder der Säureanionen zusammen. 

(bs) Der Tod ist irgendwelchen mehr spezifischen Giftwirkungen der 
Säuremoleküle oder der Säureanionen zuzuschreiben. 

Eine ganz sichere Entscheidung zwischen diesen drei Alternativen ist kaum 
möglich, aber es scheint doch, dass in den meisten von uns studierten Fällen 
das Absterben der Protoplasten gemäss der Alternative b, stattgefunden hat, 
wogegen die Alternativen b, und b, wohl nur in einigen Ausnahmefällen in 
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Frage kommen. Bereits bei der Planung der Arbeit wurde nämlich darauf 
geachtet, dass Säuren, von denen bekannt war, dass sie mit spezifischen Gift- 
wirkungen ausgestattet sind oder dass ihre Lipoidlöslichkeit sehr gross ist, zu 
vermeiden waren. 

Es scheint somit plausibel anzunehmen, dass der Tod der Protoplasten in 
unseren Versuchen — von etwaigen Ausnahmefällen abgesehen — dann ein- 
getroffen ist, wenn eine gewisse, annähernd konstante ! Säuremenge in das 
Binnenplasma eingedrungen ist. 

Trifft dies zu, dann wird man die beobachteten Giftwirkungsgeschwindig- 
keiten (abgekürzt: GWG) als approximative Masse der Eindringungsge- 
schwindigkeiten der geprüften Säuren und somit auch — da alle Säuren in 
äquimolaren Konzentrationen geprüft wurden — als approximative Masse 
der Permeabilität des Plasmalemmas diesen Säuren gegenüber ansehen kön- 
nen. Diese Annahme gewinnt noch an Wahrscheinlichkeit, wenn wir im fol- 
genden prüfen, wie die GWG einerseits und das tatsächliche Permeations- 
vermögen andererseits mit der Lipoidlöslichkeit und der Molekülgrösse korre- 
liert sind. Zu diesem Zweck wählen wir als Vergleichsgegenstand die Permea- 
bilität des Gesamtprotoplasten (also nicht des Plasmalemmas allein!) von 
Nitella. In Fig. 2 bei Collander (1954) ist die Permeabilität der Nitella für 
70 Anelektrolyte in ihrer Korrelation mit der relativen Ätherlöslichkeit und 
der 1,5ten Potenz des Molekulargewichts der Permeantia dargestellt, in Fig. 1 
wiederum ganz entsprechend die Beziehungen zwischen der relativen Äther- 
löslichkeit der von uns untersuchten Säuren und dem Produkt aus ihrem 
GWG-Wert und der 1,5ten Potenz ihres Molekulargewichtes. In beiden Figu- 
ren ist eine Gerade nach Augenmass durch die Mitte der betreffenden Punk- 
tenscharen gezogen. Da sich mittels der von uns benutzten Methode weder 
sehr grosse noch sehr kleine GWG-Werte erfassen lassen, umfasst weder die 
Ordinate noch die Abszisse von Fig. 1 so viele Grössenordnungen wie die von 
Fig. 2 bei Collander (1954), sonst aber ist die Verteilung der Punkte in beiden 
Figuren einander im Prinzip auffallend ähnlich. Wir nehmen an, dass die 
Übereinstimmung zwischen den beiden Figuren nicht zufällig ist, sondern 
einen tieferen Grund hat, nämlich den, dass die GWG-Werte wenigstens in 
grossen Zügen der Permeabilität des Plasmalemmas der Elodea-Zellen pro- 
portional sind und dass die Permeabilität dieses Plasmalemmas der Permea- 
bilität der Gesamtprotoplasten der Nitella-Zellen ähnlich ist. Mit dieser Deu- 

1 Da sämtliche von uns geprüften Säuren einen pK-Wert unterhalb 5 besitzen, kann 
wohl angenommen werden, dass sie im annähernd neutralen Zytoplasma praktisch voll- 
ständig ionisiert werden. Dagegen müsste theoretisch im Falle der mehrbasischen Säuren 
eine etwas geringere molare Menge als bei den einbasischen zur Erzielung des als Todes- 
kriterium gewählten Standardeffektes ausreichen. Dieser Umstand kann jedoch die Ver- 
gleichbarkeit der Ergebnisse nicht allzu schlimm vereiteln, zumal die Versuche sowieso 
nicht auf sehr grosse Genauigkeit Anspruch machen. 
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Fig. 1. Geschwindigkeit der Giftwirkung der 
untersuchten Säuren gegenüber Elodea- 
Zellen in Beziehung zur relativen Ätherlös- 
lichkeit und Molekülgrôsse der Säuren. 
Ordinate: M1,5/Tötungszeit. Abszisse: Ver- 
teilungskoeffizient Äther/Wasser. Massstäbe 
logarithmisch. Säuren wie in Tab. 1 nume- 
riert. 


102 


tung ist gut vereinbar, dass diejenigen Säuren, deren Punkte in Fig. 1 auf- 
fallend weit unterhalb der schrägen Mittellinie liegen, nämlich Tricarballyl-, 
Aconit-, Gallus- und Dimethylmalonsäure, alle durch einen recht sperrigen 
Molekülbau ausgezeichnet sind, was erschwerend auf ihre Permeation wirken 
dürfte (vgl. Collander 1954). Man findet auch, dass die Mehrzahl der Säuren 
mit einem Molekulargewicht grôsser als 120 unterhalb der Mittellinie liegt, 
was vielleicht als ein Hinweis darauf gedeutet werden kann, dass die Mole- 
külgrösse eine etwas grössere Rolle bei der Permeation durch das Plasma- 
lemma als bei der Permeation durch den Gesamtprotoplasten spielt. Auf- 
fallend ist, dass die GWG der Ameisensäure deutlich grösser als die der Essig- 
und Propionsäure ist. Es liegt nahe, dies auf die besonders geringe Molekül- 
grösse der Ameisensäure zurückzuführen und hierin eine Parallele zu der be- 
kannten Tatsache zu erblicken, dass Formamid durch alle bisher untersuch- 
ten Protoplasten schneller als Acetamid permeiert (Url 1952); doch muss 
natürlich auch mit der Möglichkeit gerechnet werden, dass die schnellere 
Giftwirkung der Ameisensäure mit irgendwelchen spezifischen Eigenschaften 
dieser Säure zusammenhängt. Auffallend ist schliesslich noch, dass die grosse 
Mehrzahl der 2- und 3-basischen Säuren unterhalb der Mittellinie liegt, wäh- 
rend die einbasischen sich grösstenteils oberhalb derselben befinden. Mög- 
licherweise hängt dies damit zusammen, dass der Äthyläther kein ganz 
ideales Modell der Plasmahautlipoide darstellt: nach Collander (1947) neh- 
men nämlich die Verteilungskoeffizienten eben der mehrbasischen Säuren 
relativ stärker ab als die der einbasischen, wenn man von dem Lösungs- 
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system Äther/Wasser etwa zu Ölsäure/Wasser, Olivenöl/Wasser oder Kohlen- 
wasserstoff/Wasser übergeht. 

Auf alle Fälle muss man wohl sagen, dass unsere Versuchsergebnisse neue 
Indizien dafür darstellen, dass das Plasmalemma hinsichtlich seiner Permea- 
bilitätseigenschaften weitgehend mit den Gesamtprotoplasten übereinstimmt. 


4. Vergleich mit anderen Zellen 


Die Empfindlichkeit pflanzlicher Protoplasten gegenüber verschieden- 
artigen Säuren ist bereits von mehreren Forschern untersucht worden (z.B. 
Brenner 1918, Reid 1932, Waris 1956). Die Ergebnisse dieser Untersuchungen 
sind indes im allgemeinen nicht direkt mit den unsrigen vergleichbar. Erstens 
deshalb, weil viele Autoren mit ungepufferten stark sauren Säurelösungen ge- 
arbeitet haben, was zur Folge hatte, dass das Plasmalemma häufig durch die 
H*-Ionen der Aussenlösung direkt beschädigt wurde. Andere Autoren wiede- 
rum wählten für ihre Versuche so stark lipoidlösliche Säuren, dass nicht die 
Geschwindigkeit ihres Eindringens in das Protoplasma, sondern irgendein 
anderer Faktor für die Geschwindigkeit der Giftwirkung entscheidend war. 
Ausserdem stand bei diesen Untersuchungen meistens nicht die Permeabilität 
des Plasmalemmas, sondern irgendwelche ganz anderen Dinge im Mittel- 
punkt des Interesses. Unter solchen Umständen lohnt es sich kaum, auf sie 
hier im Einzelnen einzugehen. 

Dagegen möge eine bereits vor längerer Zeit in diesem Institut ausgeführte, 
aber bisher unveröffentlicht gebliebene Versuchsreihe kurz erwähnt werden. 
Sie bezweckte die Maximalkonzentrationen verschiedener Säuren zu ermit- 
teln, bei denen sich Konidien von Aspergillus niger eben noch zu einem mit 
blossem Auge deutlich sichtbaren Myzel zu entwickeln vermögen. Dieser Pilz 
eignet sich für derartige Versuche ganz besonders gut, indem seine H*-Ionen- 
toleranz so gross ist, dass eine direkte Beschädigung des Plasmalemmas 
durch die H*t-Ionen der benutzten fast ganz ungepufferten Säurelösungen 
kaum in Frage kam. Ausser der betreffenden Säure enthielten die Lösungen 
0,3 M Glucose, 0,05 M NH,NO,, 0,01 M KH,PO, und 0,01 M MgSO, in Lei- 
tungswasser gelöst. Die Versuchstemperatur betrug 25—26°C. Folgende 
Maximalkonzentrationen wurden ermittelt: Chinasäure 2 2,3 M (gesättigte 
Lösung), Äpfelsäure 1,8 M, Tricarballylsäure 1,6 M, Weinsäure 1,4 M, Citro- 
nensäure 1,0 M, Bernsteinsäure = 0,7 M (gesättigte Lösung), Milch- und 
Glutarsäure 0,6 M, Aconit- und a-Oxy-iso-buttersäure 0,4 M, Glycolsäure 0,3 
M, Malon- und Adipinsäure 0,2 M, Dimethylmalonsäure 0,1 M, Mandelsäure 
0,08 M, Ameisensäure 0,06 M, Essigsäure 0,05 M, Phthalsäure 0,04 M sowie 
Propionsäure 0,01 M. Ein Vergleich dieser Ergebnisse mit den an Elodea ge- 
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wonnenen wird besonders dadurch erschwert, dass ja die Zeitdauer der Säure- 
einwirkung bei den Aspergillus-Versuchen leider unbestimmt ist. Immerhin 
fällt es auf, dass die Reihenfolge der Säuren in beiden Fällen eine sehr ähn- 
liche ist. Es liegt daher wohl nahe anzunehmen, dass die Permeabilität des 
Plasmalemmas von Aspergillus in grossen Zügen mit der des Plasmalemmas 
von Elodea übereinstimmt. 

In wesentlich eindeutigerer Weise als bei irgendwelchen anderen Zellen ist 
die Säurepermeabilität des unversehrten Plasmalemmas bei Hefezellen unter- 
sucht worden. So fanden Conway und Downey (1950) durch direkte Bestim- 
mung der Azidität von Hefesuspensionen in Lösungen verschiedener Säuren, 
dass es zahlreiche Säuren gibt, die in einer Stunde nicht merklich in das 
Innere der Hefezellen eindringen. Zu dieser Kategorie rechnen sie Bernstein-, 
Glycerin-, Brenztrauben-, Äpfel-, Fumar-, Milch-, Citronen-, Wein-, Glucon- 
und Oxalsäure sowie sämtliche geprüften Aminosäuren. Einen ausgesproche- 
nen Gegensatz zu diesen langsam oder gar nicht eindringenden Säuren bilde- 
ten die geprüften Fettsäuren (Ameisen- bis Buttersäure), die bereits in höch- 
stens 15 Minuten bis zum Diffusionsgleichgewicht eingedrungen waren. Ganz 
entsprechend zeigte Malm (1950), dass Ameisen-, Essig-, Propion- und Butter- 
säure sowie B-Oxybuttersäure in einer Minute fast bis zum Konzentrations- 
ausgleich in Hefezellen eindringen, wogegen Bernstein-, Wein- und Citronen- 
säure in 20 Minuten nicht merklich aufgenommen werden. Ähnliches fanden 
auch Suomalainen und Oura (1955). 

Zusammenfassend ist somit festzustellen, dass die Säurepermeabilität des 
Plasmalemmas pflanzlicher Zellen bisher nur an ganz wenigen Objekten in 
auch nur einigermassen zuverlässiger Weise untersucht worden ist. Soweit 
aber die bisherigen Stichproben ein Urteil erlauben, scheint es, dass das 
Plasmalemma eine Barriere darstellt, die für Säuren um so weniger durch- 
lässig ist, je geringer die Lipoidlöslichkeit der betreffenden Säure ist. 


Summary 


Row 3 of Table 1 gives the times required to kill the leaf protoplasts of 
Elodea densa in solutions containing 0.05 M of different acids and 0.05 M of 
their primary sodium salts per litre. A priori there are, of course, two con- 
ceivable alternatives regarding the killing effects of the acids: (a) the plasma- 
lemma is directly damaged by the H*-ions of the external solution, (b) the 
acid penetrates the undamaged plasmalemma and then exerts its toxic effects 
in the interior of the protoplasm. In our experiments, the first alternative was 
largely eliminated by avoiding too low pH values of the test solutions. On the 
other hand, the intracellular toxic actions may depend either (b,) on the 
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H*-ions or (b,.,) on the acid molecules, or acid anions or both. In the experi- 
ments on which the present paper is based, however, the intracellular action 
of the H*-ions appears to dominate in most cases. Taking into account that 
all the solutions tested contained the same concentration of undissociated 
acid molecules, it may be inferred that the death rates observed are probably, 
on the whole, fairly reliable measures of the permeability of the plasma- 
lemma towards the acid molecules in question. The death rates observed are 
correlated with the relative ether solubilities and molecular sizes of the acids 
in much the same way as the permeation power of non-electrolytes towards 
Nitella protoplasts is correlated with their ether solubility and molecular size. 
It thus seems that the diffusion resistance offered by the plasmalemma to- 
wards acids is fairly similar to that offered by the protoplast as a whole. 

When nutrient solutions containing increasing concentrations of different 
acids were inoculated with conidia of Aspergillus niger, it was found that 
there exists a fairly close correlation between the killing velocities of diffe- 
rent acids towards Elodea cells, on the one hand, and their power to prevent 
the germination of the conidia of Aspergillus, on the other. This suggests a 
certain resemblance between these two organisms regarding the permeability 
of their plasmalemmas. 


Die Versuche mit Elodea wurden von den Herren Thord Bröderman, Karl-Johan 
Nyman und Orre Sternberg ausgeführt, die mit Aspergillus von Frau Karin Bäck. 


Zitierte Literatur 


Brenner, W.: Studien über die Empfindlichkeit und Permeabilität pflanzlicher Protoplasten 
für Säuren und Basen. — Öfvers. Finska Vet.-Soc. Förhandl. 60 A N:o 4. 1918. 

Collander, R.: On ,,lipoid solubility“. — Acta Physiol. Scand. 13: 363. 1947. 

— Die Verteilung organischer Verbindungen zwischen Äther und Wasser. — Acta Chem. 
Scand. 3: 717. 1949. 

— The permeability of Nitella cells to non-electrolytes. — Physiol. Plant. 7: 420. 1954. 

— Der Ort des Penetrationswiderstandes. — Handbuch der Pflanzenphysiologie, her- 
ausgeg. von W. Ruhland. Bd. II: 218. Berlin-Göttingen-Heidelberg, 1956. 

Conway, E. J. & Downey, M.: An outer metabolic region of the yeast cell. — Biochem. J. 
47: 347. 1950. 

Malm, M: On the potassium management of the yeast cell in the presence of weak acids. 
— Physiol. Plant. 3:376. 1950. 

Reid, J. D.: The disinfectant action of certain organic acids. — Am. J. Hyg. 16: 540. 1932. 


Suomalainen, H. & Oura, E.: Buffer effects in fermentation solutions. — Exptl. Cell Res. 
9: 355. 1955. 
Url, W.: Permeabilitätsstudien mit Fettsäureamiden. — Protoplasma 41; 287. 1952. 


Waris, H.: Effects of acids upon the nuclear aspect and the resistance of the cell. — 
Physiol. Plant. 9: 82. 1956. 


Physiol. Piant., 10, 1957 


PHYSIOLOGIA PLANTARUM, VOL. 10. 1957 


Observations on Chelates and Root Growth 
By 


HANS BURSTRÖM and VAGN TULLIN 


Botanical Laboratory, Lund 
(Received February 12, 1957) 


Problem and Methods 


In recent publications Bennet-Clark (1956) and Heath and Clark (1956) 
have suggested that ß-indolylacetic acid regulates longitudinal growth by 
virtue of a capacity to form chelates with metals, according to Bennet-Clark 
presumably with Ca. Heath and Clark have furnished strong evidences of an 
action of this kind also for roots. Their experiments with root growth of 
wheat plants are cursorily described, and data of importance for the inter- 
pretation are wanting. They have grown wheat seedlings in distilled water 
for up to nine days with additions of chelating compounds only, renewed the 
solutions every third day, and recorded root growth as the total root length 
per plant; no mention is made of light and temperature conditions, or amount 
or volumes of solutions supplied. 

The very interesting results obtained by Heath and Clark have prompted 
an attempt to repeat their experiments, which, however, has met with serious. 
obstacles. According to many years’ experience of the growth and nutrient 
conditions of wheat seedlings in this laboratory distilled water is scarcely a 
reproducible medium, to which the roots are very sensitive; the temperature 
is of great importance for the effects of growth regulators, not the least for 
Ca (Burström 1956); and wheat seedlings of the brands used in our experi- 
ments must be sufficiently illuminated in experiments of longer duration than 
four days when the seeds become exhausted of nutrients. Furthermore, de- 
struction of IAA or adaptation of the roots necessitate the use of frequently 
renewed solutions and as far as possible aseptic work in order to insure re- 
producibility and reliability of results with IAA to roots (Burström 1957). 
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It is for these obvious reasons hardly surprising that attempts to reproduce 
the experiments of Heath and Clark have given rather variable results. EDTA 
(ethylenediaminetetraacetic acid) in a concentration of 10-5 M has even pro- 
duced over-all increases in root growth under conditions imitating those of 
Heath and Clark, and not always the inhibitions observed by these authors. 

Thus the problem was attacked from another angle, and firstly experi- 
ments were carried out in order to determine what metal mediates the root 


growth inhibition by EDTA supplied as the Na-salt. The following methods 
have been adopted. 


Wheat seedlings were grown in well aerated nutrient solutions renewed every 
second day, at +22°C, in a climate chamber illuminated by 100 w. fluorescent day- 
light lamps. After germination on filter paper the seedlings were immediately trans- 
ferred to the test solutions, 30 seedlings per vessel of 500 ml solution. The experi- 
ments were run five days, and every day 6 seedlings of each vessel were removed for 
growth measurements. Thus the number of seedlings decreased as their size in- 
creased, and the last day only six seedlings remained in each 500-ml vessel. These 
were duplicated, and every growth value is founded on 12 seedlings with 36 roots. 

The basic nutrient solution with a pH of initially 7.1 and after two days 5.8—6.2 
contained KH,PO, 1/2000, Na, HPO, 1/2000, NH,NO, 1/2000, and MgSO, 1/4000 M. 
To this was added EDTA, always in a concentration 10~° M, and CaCl,, MnCl, or 
FeCl,. The variations in pH are too large for very accurate experiments but could 
not be kept more constant under the given experimental conditions, and the roots 
are comparatively little sensitive to pH changes between 6 and 7. 

Growth was recorded daily as average root length and average length of the full- 
grown epidermal cells. From these figures also the number of cells developed, or 
entering into the zone of elongation, was computed according to routine practice at 
this institute (cf. Burström 1957). The final cell length is a measure of the growth 
by cell elongation, and this is, as has been verified repeatedly, to some extent inde- 
pendent of the cell multiplication. These two measures, cell length and cell number, 
are two parameters constituting the over-all root growth, which is the only property 
recorded in most root growth studies (e.g., by Heath and Clark). 

The mean errors of the root lengths amount to about +3 per cent and those of the 
cell lengths to about +2 per cent. The errors in the cell number determinations are 
larger, because they are computed as the difference between the root lengths of two 
consequtive days divided by the cell length. This must be borne in mind in judging 
the results. 


Results 


Preliminary series of experiments are omitted from the following compila- 
tion of data, which is restricted to the presentation in full of three series of 
experiments illustrating the main results obtained up till now. 

Experiment no. 1 was carried out with additions to EDTA of Ca, Mn, and 
Fe 10-5 M in different combinations. Figure 1 shows the over-all root lengths. 
EDTA causes a continuous reduction in the root growth, which nearly 
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Figure 1. Experiment 1. Total 
root lengths. EDTA and me- 
tal chlorides added in 10—5 M. 
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ceases after four days. Addition of Mn+ Fe increases the growth to the level 
of that of the control, and addition of Ca in any combination causes a further 
increment. This could be interpreted so that the inhibition induced by EDTA 
is reversed by a combination of Mn and Fe, and, consequently, either of 
them or both together are necessary for the root elongation and are in- 
activated by EDTA. However, this gives an erroneous idea of what is actually 
happening. 

The cell elongation figures are presented in Figure 2. Disregarding minor 
differences this shows the unexpected result that EDTA, as a matter of fact, 
does not inhibit the cell elongation at all, nor is it appreciably affected by the 
combined addition of Fe and Mn. The agreement between control and EDTA 
curves is unusually good in this experiment. The initial temporary increase 
in cell length with EDTA is significant and occurs in every experiment, so 
that at the first or second day the EDTA roots may even surpass the control. 
This may depend upon the removal of traces of some heavy metal. Only Ca, 
but also Ca in every combination, raises the cell elongation to a constant 
level. The decreasing elongation of the control from the second day onwards 
is thus apparently an incipient Ca-deficiency (cf. Burström 1956). 

The cell multiplication, finally, gives another picture again (Figure 3). 
EDTA causes a continuously decreasing cell multiplication and this is re- 
versed by any combination of two metals. 

Summing up this experiment, which in its main trends has been verified by 
others, it shows that EDTA primarily inhibits the cell multiplication, which 
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is reversed by any combination of Ca, Mn and Fe, and that the cell elonga- 
tion is unaffected by EDTA but specifically promoted by Ca. 

Two questions then arise: (1) whether Ca, Mn, or Fe specifically interferes 
in the cell multiplication, and (2) whether EDTA is able to inactivate Ca 
in its elongation regulatory capacity as well. These two questions are illu- 
strated by the following two experiments. 

In experiment no. 2 Ca, Mn, and Fe were added separately. The experiment 
differs from the first one in that the control nearly and the EDTA roots com- 
pletely cease growing after three days, owing to more pronounced deficiency 
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of one or more nutrients. However, in over-all root growth (Figure 4) Fe 
added alone has no effect, Mn reverses the EDTA inhibition and Ca causes a 
further increase. Cell elongation separately (Figure 5) shows no effect of Mn 
and Fe, which give identical curves, and recovery by Ca. In the cell multi- 
plication, on the other hand (Figure 6), a reversal to a high level is caused by 
both Mn and Ca, whereas Fe is practically without effect, and significantly 
only prevents the complete cessation of growth after 3 days. 


Figure 5. Experiment 2 (cf. 


Figure 4). Average cell 
lengths. 
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The results are in good harmony with those of the first experiment: Mn 
and Ca separately restore the cell multiplication, Ca specifically induces cell 
elongation, and Fe is practically ineffective. 

The third experiment recorded shows the effect of increasing Ca additions 
to EDTA. The values of the cell elongation are presented in Figure 7. Two 
points should be emphasized. Ca 1976 M has, as usual, no effect on the elon- 
gation; Ca 10? M, on the other hand, completely annihilates the activity of 
the equivalent amount of EDTA, as shown by a comparison with 107° M Ca 


without EDTA. The diagram shows that under the prevailing 
EDTA does not interfere in the Ca-regulated cell elongation. 
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The computation of the cell multiplication (Figure 8) generally tallies with 


the previous results. 1076 M Ca is able to prevent the total stasis of the roots 
in EDTA and a higher concentration restores the normal cell multiplication. 


Discussion 


The reproducibility of the results has been satisfactory, and irregularities 
in the presented experimental material are due to the fact that growth studies 
in more or less unbalanced solutions are difficult to reproduce in details. On 
the other hand, the only conclusions emphasized are those which are sup- 
ported by all experiments and also by unpublished data, and less significant 
data have been neglected for the time being. 

It is necessary for an interpretation of the results to consider the mode of 
action of chelating compounds such as EDTA. 

The formation of a chelate-complex is reversible: 


EDTA+M*? = EDTA-M*2. (1) 


As far as can be judged at present the physiologically active bivalent cations 
generally occur in the cell as chelates or in complexes similar to chelates. 
This is the case with Fe, Mg, and Co in porphyrins (Heartl and Martell 1956), 
Mg, Mn, and Zn fixed to proteins as enzyme (e.g. enolase) activators (Malm- 


strôm 1956), and with Cu in oxidases likewise bound to proteins. This can 
generally be written: 


Ch+M*t? = Ch-M*?, (2) 
(active) 
with Ch denoting the natural chelate-forming compound. 
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If EDTA is added to system (2), its effect depends upon the relative affi- 
nities of M*? to Ch and EDTA respectively: 


Ch-M*?+EDTA = Ch+EDTA-M*? (3) 
(active) 


If the complex Ch-M*? is stronger than EDTA-M*? — i.e., the equilibrium 
is shifted to the left — EDTA can act as a vehicle carrying M*? into the plant 
and inside the plant, where it is released and bound into the active com- 
pound Ch-M*?. This is the case with Fe, which is easily taken up in the form 
of chelates and strongly bound to porphyrins in the cell. If, however, the 
equilibrium is shifted to the right, the externally added chelating agent re- 
moves M*? acting as a metal inhibitor. One well known example is that of 
8-hydroxychinolin inactivating Cu-proteins. 

If equation (3) is shifted to the right and another metal added the follow- 
ing may take place: 

Ch+EDTA-Mt?+M, +t? = Ch-Mt?+ EDTA-M,??, (4) 
(active) 


provided that the complex constants are: 
EDTA-M,*? > EDTA-M?t? > Ch-M??, 


This means that a physiologically inactive metal, M, *?, by liberating M'? 
from the inactive complex makes it available for forming an active complex. 
Superficially M,*? has the same physiological action as M*?, but it is, as a 
matter of fact, in itself inactive. Different natural compounds are known to 
form chelates: carboxylic acids, amino acids, and even ATP (Martell and 
Schwarzenbach 1956), active or inactive complexes, certainly of different 
stability. The exchange described in equation (4) may as well take place be- 
tween natural chelating compounds and metals. There are found in the mine- 
ral nutrient literature numerous more or less erratic statements of metals 
substituting each other, which may be explained on the basis of a mutual 
interaction in active and inactive chelate complexes, not to mention the anta- 
gonistic phenomena proper. 

It may be justified in view of these considerations to formulate a general 
chelate principle for the state of bivalent and heavy metals in the plant, ac- 
cording to which these metals in active and inactive states and during their 
migration occur in the form of chelates with various, natural chelate-forming 
agents. This principle would contribute considerably to the understanding of 
various kinds of actions of, and interactions between metal ions. 

In the present instance the results can be summarized in the following way. 

The cell elongation is increased by Ca only, not by Fe or Mn; it is, further- 
more, not affected by EDTA under any circumstances tested. This ought to 
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imply that EDTA during the course of the elongation does not bind Ca or 
any other essential metal. Thus according to equation (3) the unknown, in 
the elongation active Ca-complex is stronger than the complex with EDTA: 


Ch-Ca > EDTA-Ca 


under these conditions. 

The number of cells developed per day has been called “cell multiplica- 
tion” but denotes, as a matter of fact, the number entering the zone of elon- 
gation per unit of time. It is impossible in tests of short duration to establish 
whether this exactly corresponds to the number of tells formed in the meri- 
stem. However, this is a matter of secondary importance for the following 
discussion; it should only be emphasized that this parameter of growth is 
independent of the elongation of the individual cell. 

This cell number is characterized by the following observations: (i) it is 
normally increased by additions of Fe (Burström 1952), (ii) it is inhibited by 
EDTA, (iii) the inhibition is reversed by Ca and Mn separately but (iv) not 
by Fe. 

It follows from (ii) that the cell number is regulated by some metal 
— called X — bound by EDTA; it may be Ca or Mn according to (iii), or 
neither of them but some other metal according to equation (4). However, it 
can hardly be Fe, in spite of the fact that of these metals Fe alone is able to 
increase the cell number by itself. 

There are two possibilities of explaining the contradictory result with Fe. 
One is that Fe under normal conditions does not act upon the cell number 
itself, but as metal M,*? in equation (4) removing the metal X from a natural 
inactive site, thus 

Ch+Ch,-X+Fe=Ch-X+Ch,-Fe, 
(inactive) (active) (inactive) 


provided that the stability constants are 


Ch,Fe > Ch,-X > Ch-X. 


Another is that EDTA removes the active metal X and Fe is made inactive 
owing to a lack of X, both being necessary for the cell multiplication. This 
question can be settled by further experiments. 

If the metal X is identical with Ca, EDTA should bind Ca in the meristem 
or during the preparatory stage of the elongation but, as has been empha- 
sized above, not during the main course of the elongation. Such an assump- 
tion is not unlikely. The stabilities of the chelates vary individually according 
to the pH, and EDTA-Ca is unstable at a low, and stable at a high pH. There 
is no order of stability of the metal complexes valid under all circumstances. 
It may be pertinent to point out that Lundegärdh (1942) has shown how in 
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wheat roots the surface of the zone of rapid elongation is negatively charged 
relative to both tip and base, which might imply a low stability of this chelate 
during the rapid elongation. Fe, on the contrary is less bound by EDTA at a 
high pH, which is in accord with its inactivity during the cell multiplication. 
It is also well known that Ca is active in the meristem (Sorokin and Sommer 
1928, Kalra 1956). If it is true that X=Ca, the action of Mn is indirect accord- 
ing to equation (4), provided that the stabilities of the chelates are 


EDTA-Mn > EDTA-Ca > EDTA-Fe. 


On the other hand, the same mode of reasoning can be applied to Mn as 
the active metal, if 
EDTA-Ca > EDTA-Mn > EDTA-Fe, 


or to an unknown metal, if 
EDTA-Ca, EDTA-Mn > EDTA-X > EDTA-Fe 


under these particular conditions. 

It is for this reason impossible to decide, whether Ca, Mn or an unknown 
metal is the active one inhibited by EDTA. It should be emphasized, how- 
ever, that Ca and Mn superficially exert the same physiological action and 
substitute each other. This can be explained by applying the general chelate 
principle without assuming that the metals have more in common but a 
competition for the same chelate-former. The same could have happened in 
regard to a natural chelate-forming agent, and then the unwarranted conclu- 
sion had been drawn that Ca and Mn were able to substitute each other 
physiologically. 

Returning to the suggestion of Heath and Clark that EDTA resembles an 
auxin, it must be stated that this decidedly does not hold true in our wheat 
roots. EDTA inhibits primarily the cell multiplication not the elongation, 
whereas auxin acts in the opposite way. The only resemblance is that both 
inhibit the over-all root elongation, which is a weak physiological argument. 
Fawcett, Wain, and Wightman (1956) have doubted the conclusion of Heath 
and Clark, because in their experiments with coleoptile cylinders EDTA 
proved to be very weakly active, and even that only under pre-lethal condi- 
tions. On the other hand, that IAA and other auxins do not readily form 
chelates in vitro is no reason, why they should not be able to do so in the 
unknown active states in vivo. 

Nevertheless, in favour of the genera! view of Heath and Clark speaks, 
besides their own results, the striking similarity between growth regulators 
and potent chelating agents, e.g., between diethyldithiocarbamate and the 
xanthates, and between 8-hydroxychinoline and fusaric acid (butylpicolinic 
acid), physiologically resembling gibberellic acid (cf. Gäumann and Naef- 
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Roth 1956). It has also been pointed out in other connexions (Burström 1952, 
1954, 1956) that there is a close interrelation between Ca and B-indolyl-acetic 
acid, demonstrated under various physiological conditions. All results on 
wheat roots indicate a certain importance of the ratio between Ca and IAA 
for the elongation. 


Summary 


The influence of EDTA on root elongation has been studied. EDTA 1075 M 
inhibits the cell multiplication, and the meristematic activity ceases after 
about 3 days. This is reversed by the addition of equivalent amounts of Ca 
or Mn, but not Fe. The cell elongation measured as the final cell length is 
not affected by EDTA. It is regulated by Ca and insensitive to both Mn and 
Fe even in the presence of EDTA. It is pointed out that the EDTA-action in 
no respect resembles an auxin inhibition. 

The relation between metal-chelates and root growth regulation has been 
discussed with regard to the properties of chelates. A general chelate principle 
for the state of metals in the cell has been formulated. It is concluded that 
Ca specifically is required for the cell elongation, whereas nothing definitely 
can be said about the metal requirement of the cell multiplication; this may 
be regulated by Ca or Mn or some unknown metal. The chelate principle can 
explain why Ca and Mn superficially replace each other. 


The authors are indebted to Miss I. Rosén and Miss A. Lindgren for technical 
assistance, Miss Rosén has carried out most of the experimental work. Financial 
aid has been obtained from the Swedish Science Research Council. 
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The rôle of the birch in Swedish forests has been much discussed since 
the late nineteenth century (Nordström, 50). The relation between soil ferti- 
lity and birch has been of a central interest and many workers have inves- 
tigated this problem (26, 27, 33, 34, 47). As a matter of fact, however, very 
little is known about the nutritional uptake and requirements of birch. The 
only direct statement about this question the author has been able to find is 
given by O. Tamm (68). He is of the opinion that the birch requires a good 
nitrogen supply in the soil. This opinion has later been supported by C. O. 
Tamm (61). Also other observations favour this view, for instance the tend- 
ency of birch to colonize areas where nitrogen is liberated in the soil as re- 
ported by Hesselman (28). In this respect the birch resembles species indi- 
cating nitrate according to Hesselman (25), for instance Chamaenerion 
angustifolium and Rubus idaeus. There is thus evidence that the birch is 
relatively nitrogen requiring. 

Physiological experiments have early been carried out with forest tree seed- 
lings (Müller, 46, with pine). Later other similar experiments have been re- 
ported (4, 42, 44). Also the water culture technique has been used in experi- 
ments with forest tree seedlings (35, 52, 55—58). 

In spite of these investigations rather little is known about the nutrient 
requirements of most European tree species, and as far as the author knows 
there are no physiological experiments with birch. Thus it seems most desir- 
able to perform carefully controlled experiments with varying nutrient sup- 
plies in order to increase the knowledge about nutrient requirements, 
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deficiency symptoms, and growth at different physiological conditions of 
birch and other cold-temperate tree species. Therefore a series of laboratory 
experiments with forest tree seedlings has been started with the plants grown 
in water cultures under well controlled external conditions. 

In the present paper the effect on birch of different supplies of the mineral 
nutrients (N, P, K, Ca, Mg, S, and Fe) are studied. The experiments have been 
carried out on three occasions: 


1. Experiments with varied concentrations of one of N, P, Ca, or S. 
2. Experiments with varied concentrations of one of K, Mg, or Fe. 
3. Experiments with varied concentrations of both N and P. 


In all experiments Betula verrucosa (Ehrh.) was used. The seeds were col- 
lected from one tree at Bogesund near Stockholm. 


Technique 


The seeds were soaked for about 20 hours in distilled water and then put into 
Petri dishes furnished with wet filter paper. The Petri dishes were placed in an 
incubator at 30°C. After about seven days the plants with a length of 10-20 mm 
were selected and planted in one-litre pyrex glass beakers on plates made of 5 mm 
thick black untransparent perspex. These plates were of such size and form that 
they just fitted inside the beakers. Holes, 3 mm in diameter were bored in each 
plate, and in these holes the plants, 13 per plate, were fixed with a cotton-wool 
pellet. The plates were then hung up in the beakers with plastic-coated copper 
threads just above the surface of the nutrient solution. 

The beakers were then placed in a room with a temperature of 25°C during the 
light period (18 hours per day) and 12—16°C during the dark period. Round the 
beakers cut masonite plates were placed at the level of the perspex plates and thus 
the roots were darkened. The nutrient solutions were continuously aerated. The 
light was supplied by fluorescent tubes with a colour temperature of 3000°K. Thus 
the plants were illuminated with about 2500-—3500 lux. The experiments were made 
in duplicate in two blocks. Within the blocks the treatments were made at random. 
The plants were allowed to grow for about 75 days, and after about 45 days the 
number of plants per beaker was decreased to 4. 


Nutrient Solutions 


The nutrient solutions were changed once a week and had a volume of one-half 
litre. The pH at the beginning of the week was 4—4.5, and then it fell io about 
3.5—4. 

The basic solutions are described in Table 1. These solutions were adjusted to be 
diluted 1:100 for the control solution. The control solution was included in each 
variation series as a concentration step and was composed according to certain pre- 
ceding experiments. It resembled the solution Arnon and Hoagland (2) used for 
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Table 1. Composition of basic solutions which were diluted 1:100 to give the control 


concentrations. 
D en nen mme gen se en. ed 
Compounds g/litre mmol/litre used in series 
NHANOsa a rer 40.0 500 all ‘ 
NaH2PO4, 2H2O .... 50.4 323 N-, P-, K-, and N, P-series | 
KHPONE IR TIER 43.9 323 Control, Ca-, Mg-, S-, and Fe-series 
Klee es: 9.8 132 » 
ROME Te or es 33.5 450 N-, P-, K-, and N, P-series 
CaCL ICO 273.9 65.7 300 all 
MgSO4, 7H20 ...... 49.2 200 all except Mg- and S-series 
Me Clo; GH sO™™ er 40.6 200 Mg- and S-series 
NaoSO4, 10H20 oa eye: 64.4 200 » 
FeCls, 6HsO ........- 1.4 5.0 all 
MnCl, 4H>0 nn 0.18 0.9 » 
HsBO MN TER AE 0.29 4.6 » 
LACS EEE RTE ET 0.012 0.09 » 
Cul POP 0.015 0.09 » 
| NaoMoO4, 2H20 .... 0.0022 0.009 » 


tomato plants (cf. Hewitt, 29) but contained essentially less nitrate nitrogen, more 
ammonium nitrogen (yielding less total nitrogen) and less potassium. This solution is 
here called “control” but was merely the equally treated member of all series. The 
concentrations in the control of the different elements are given in Table 2. 

All chemicals used were of analytical grade. The water was distilled once in a 
pyrex-glass distiller. 

It proved to be difficult to keep the plants alive the first two weeks. The roots 
grew but slowly down into the solutions; therefore the perspex plates had to be held 
in contact with the liquid medium. The slender plants were then killed by salt pre- 
cipitation in the cotton pellets. For these reasons the following measures were taken: 
the first two weeks the beakers were covered by thin transparent celluloid, and 
during this period the solutions were not aerated. After these two weeks the plates 
were raised and the cotton pellets changed. Furthermore, the solutions were less 
concentrated the first two weeks (the first week diluted 1:4, the second 1 : 2). 
Through this process practically all plants survived. 


Sample Treatment, Analytical Methods and Results 


At the harvest the plants were divided into leaves, stems and roots. From each 
beaker each organ was treated as one sample. Fresh weight and stem length were 
measured at harvest. Then the samples were dried, first in the air and then in a 
vacuum oven at 55°C and 15 mm pressure. The dry weight was determined for 
each sample which was then ground in a Wiley-mill. The analysis was carried out 
once on each sample. 

Nitrogen was determined according to the micro-Kjeldahl method. For the analyses 
of phosphorus, potassium, calcium, magnesium, sulphur, and iron the samples were 
wet-ashed with nitric and perchloric acid. Phosphorus was determined according to 
Sheel (54), potassium flame-photometrically and iron colorimetrically according to 
the o-phenanthrolene method (Sandell, 53). Calcium was precipitated as oxalate and 
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Table 2. Proportions between the elements in the control nutrient solution 
expressed as ppm. 
UE 


Element ppm Element ppm 
N 140 Fe 2.8 
12 100 Mn 0.5 
K 175 B 0.5 
Ca 120 Zn 0.06 
| Mg 48 Cu 0.06 
N 64 Mo 0.009 


centrifuged. The precipitate was dissolved in hydrochloric acid, and calcium was 
determined flame-photometrically. Magnesium was determined according to Knuts- 
son (32) and sulphur according to Gustavsson (22). 

The amount of the elements in the plant parts are always given as per cent of 
dry weight. The analytical results are summarized in Table 3 for experiments 1 and 
2 and in Figure 2 for the nitrogenphosphorus experiment. 


Statistics 


In Tables 3 and 4 the percentile standard errors (e) are given. These standard 
errors are calculated with analysis of variance by using the logarithmic values. Also 
in the case of the stem dry weights (Table 3 C) the whole material is made use of. 

The standard errors for the analytical results are the sums of the analytical and 
biological errors, but the former is small in relation to the latter and lies between 
1 and 3 per cent. 


Results 


Growth Effects 


Different growth values are summarized in Table 4 for experiments 1 
and 2. The percentages in the leaves of the element supplied in varying 
amounts are also given. The control growth is not constant; apparently the 
growth conditions have been different during the two periods. 

The relation between the control concentrations in the nutrient solutions 
and the optimal ones under the conditions given are worthy of mention. It 
is seen from Table 4 that as far as the fresh weights are concerned the con- 
trols approach the optimum, but this is not the case for potassium and mag- 
nesium when the other growth values are considered. The optimal concen- 
trations of these two elements are difficult to determine, but they lie prob- 
ably between the control concentration and the next lower. Furthermore, the 
optimal concenirations of sulphur and iron are not known owing to the fact 
that no supra-optimal concentrations have been applied in these series. 
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Table 3A. Leaf contents as per cent of dry weight. Control figures in boldface type. 


ST 
ee zus) 


, Dry weight of Leaf contents, % of dry weight 
Element | Supply ppm. leaves, g/beaker N p K Ca Mg S Le 
AN uch | ae Gi ae UE 
4.2 0.35 leo 0.43 FA! 0.65 0.47 — = 
| 28 1.43 ed 0.35 2.9 0.36 0.36 0.010 
N 140 2.00 3.6 | 0.39 | 2.4 | 0.30 | 0.34 | 0.24 | 0.012 
280 1773 4.2 0.40 2.8 0.33 0.38 — 0.015 
560 1.64 4.7 0.48 2.9 0.40 0.37 — 0.012 
1.0 192 3.0 0.12 DE 0.31 0.41 0.14 0.055 
| 3.0 1.84 3.7 0.23 28 | 0.39 0.46 0.19 0.039 
pP 100 2.00 3.6 | 0.39! 2.4 | 030 | 0.34 | 0.24 | 0.012 
200 1.21 4.0 0.62 Sl 0.42 0.46 0.23 0.013 
| 400 1.22 4.0 | 0-91 2.9 0.39 0.36 0.27 0.009 
0.6 0.44 2.9 1.26 0.3 0.46 0.72 0.001 
| 6.0 1.19 3.4 0.66 0.8 0.41 0.53 — 0.008 
K 60 1.56 3.9 0.47 2.9 0.42 0.46 — 0.014 
| 175 1.40 3.8 | 042, 29 | 0.30 | 0.34 | 0.24 | 0.014 
350 1.34 4.0 0.48 3.6 0.30 0.42 0 010 
0.4 0.14 -- — oo 0.04 
| 1,2 233 3.8 0.40 2.0 0.06 0.51 - 0.022 
Ca { 12 ST 3.9 0.51 2.6 0.12 0.44 — 0.015 
| 120 2.00 3.6 | 0.39 | 2.4 | 0.30 | 0.34 | 0.24 | 0.012 
240 1.70 32 0.32 2.6 0.75 0.32 — 0.011 
0.5 0:33 33 0.51 4.0 0.45 0.06 — 0.017 
M 4.8 1.41 4.1 0.52 3.6 0.38 0.18 — 0.015 
ER 48 1.40 3.8 | 0.42 | 2.9 | 0.30 | 0.34 | 024 | 0.014 
144 1.19 er 8.9 0.44 2.9 0.28 0.52 0.014 
0 0.39 2.5 | 0.58 | 1.7 | — — | 0.08 — | 
S | 0.64 1.18 Sl 0.39 2.3 0.39 0.42 0.12 0.013 
6.4 1.65 3.6 0.43 2.6 0.38 0.42 0.20 0.022 
64 2.00 3.6 | 0.39 | 2.4 | 0.30 | 0.34 | 0.24 | 0.012 
0 0.37 4.1 0.77 3.8 0.64 0.64 — 0.001 
Fe | 0.03 0.94 3.6 0.52 3.5 0.38 0.59 = 0.003 
0.28 1,27 4.0 | 0.45 | 3.4 | 0.30 | 0.41 — | 0.008 
| 2.8 1.40 38 | 0.42 | 2.9 | 0.30 | 0.34 | 0.24 | 0.014 
+e% 1.4.0 5.7 6.4 5.0 [20.0 8.0 23.3 30.5 


In Table 5 the relative growth values from a series with varied ionic 
strength but with the elements always in the same proportions are given. 
It is seen that the control shows the greatest growth. Furthermore, prelimi- 
nary experiments with varied pH have shown that growth optimum is reached 
within the range used, as seen from the relative growth values in Table 6. 
Thus it can be stated that with the exception of the potassium and magne- 
sium concentrations the nutrient solution in the control is very nearly optimal 
for birch under the external conditions of the experiment. 


In Table 7 the percentages in the leaves for three points on the growth 


curve are given. The percentages at half and ninety per cent of control growth 
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Table 3B. Root contents as per cent of dry weight. Control figures in boldface type. 


- D ad 
ee EE Le AREA Root contents, % of dry weight 
‚8 AN P LS CO es Fe 
4.2 0.19 12H ITS OC NI EC) a= 16 
28 0.29 oA | 14 31017) 0.42 Bra 
N < 140 0.37 33 1.2 2.2 | 0.16) 0.10} 0.35! 0.63 
| 280 0.32 oy ae 27 0.12) 0.14) — | 12 
560 0.29 3.8 | 1.3 51018) en 
1.0 0.36 2 Eu IS ES 20013 | 018 18027 00,16 
3.0 0.34 3.2 1"0.37 [24 (20.10! 015| 0.26| 0.27 
P 100 0.37 3.3 1.2 2.2 | 0.16| 0.10) 0.35| 0.63 
200 0.28 Saat 5 29711 0.16 880,441) t= | 12 
400 0.26 3.2 | 2.0 38.00.1700 15.10 ee 
0.6 0.10 LA Oe OAS fi NE 0.96 
6.0 0.29 320180800006 100.101 0-04) = 12 
Ke 60 0.34 351-084 1021118017 0414| #- | 12 
| 175 0.31 3.4 0.87 2.3 | 0.14) 0.12] 0.35! 1.3 
350 0.28 32008311023 00.09, 00.10) | 13 
0.4 0.04 ul 211000100340 ee 
1.2 0.24 3.5 | 13 ER RR MED MA 
Ca 12 0.32 3.6 | 1.5 9:6511. 0.06) 00:15 rh 010 
120 0.37 3.3 1.2 22) 016| 0.10} 0.35! 0.63 
240 0.26 34 | 12 5 “0.29 1270.18 1 7.28 0 83 
0.5 0.07 = = 3.6 | 0.18] 0.02 nn 
Mg 4.8 0.35 2:9 110.917) 2.911025 | 0.061 — | 0.77 
48 0.31 3.4 0.87 2.8 | 0.14| 0.12| 0.35) 1.3 
144 0.27 er, Sa ae ie 
0 0.20 244 1.3 26| 0.14| 0.13] 0.05| 1.3 
5 | 0.64 0,31 2:5. 101.3 3.0| 0.15| 0.14| 010| 1.2 
| 6.4 0.27 2.97 1,8 9.71 0.17| 012| 0.25| 14 
64 0.37 3.3 1.2 2.2 | 0.16 0.10 0.35| 0.63 
0 0.14 44 | 1.0 3.8 | 0.22] 0.26| — | 0.023 
” 0.03 0.27 a5) 08% 24 01212 = | 0,028 
0.28 0.27 35 | 06912251 0.19] 0.16) — | 0.20 
2.8 0.31 3.4 0.87 23| 0.14) 0.12} 0.85] 1.3 
+e% 17.4 5.7. 109.30 114.6 1c14.9| 11.6 | 21.3 |25.9 


eee 


Table 3 C. Stem contents within the potassium series as per cent of dry weight. Control 
figures in boldface type. The percentile standard error (+e %o) for the dry weights is 
calculated with the other series included. 


Potassium 
supply ppm. 


0.6 

6.0 
60 
175 
350 


+e % 


stems, g/beaker 


Dry weight of 


Stem contents, % of dry weight 


0.21 
0.68 
0.86 
0.79 
0.76 


17.0 


K He 
0.16 0.010 
0.27 0.007 
1.42 0.005 
1.65 0.009 | 
1.81 0.012 | 
14.1 26.8 
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Table 4. Different growth values put in relation to supply and content in the leaves of 
the element in question. Control figures in boldface type. The dry weights of leaves, roots, 
and the stems of the potassium series are given in Tables III A to C. 


Leaf contents Total fresh Total dry Stem length, 
Element | Supply ppm. as per cent weight weight mm average 
of dry weight g/beaker g/beaker per plant 
| Bete Bor ED WET mel UN TRE LS ET EEE 
4.2 1.5 3.8 0.73 116 
| 28 3.1 12.8 2.55 256 
N 140 3.6 17.0 3.56 292 
280 4.2 15.4 3.00 285 
| 560 4.7 15.3 2.84 280 
1.0 0.12 12.0 2.44 234 
| 3.0 0.23 15.5 3.27 286 
B 100 0.39 17.0 | 3.56 292 
| 200 0.62 12.4 2.12 259 
400 0.91 12.4 2.09 230 
0.6 0.3 3.5 | 0.75 117 
| 6.0 0.8 10.3 2.19 232 
K 60 2.9 13.1 2.76 253 
| 175 2.9 14.6 2.50 249 
350 3.6 12.7 2.39 258 
0.4 0.04 1.0 0.26 62 
| 1.2 0.06 10.3 2.19 202 
Ca 12 0.12 15.4 3.00 294 
| 120 0.30 17.0 3.56 292 
240 0.75 13.8 2.89 278 
0.5 0.06 2.9 0.55 143 
M | 4.8 0.18 14.4 2.51 274 
ne 48 0.34 14.6 2.50 249 
144 0.52 11.6 2.11 236 
04 0.08 4.4 0.81 117 
s | 0.6 0.12 11.4 2.17 234 
| 6.4 0.20 13.4 2.76 244 
64 0.24 17.0 3.56 292 
0 0.001 5.4 0.68 121 
Fe | 0.03 0.003 9.5 1.75 207 
0.28 0.008 123 2.24 262 
| 2.8 0.014 14.6 2.50 249 
| +e% 12.1 16.3 7.2 


are graphically interpolated. The percentages at deficiency will be discussed 
below. 

Among the percentages regarded as optimal in the leaves (Table 7), only 
the nitrogen value may be regarded to represent fairly accurately the true 
optimum, owing to the fact that the percentage/growth curve for nitrogen is 
very steep on both sides of the control. The optimal percentages of potassium 
and magnesium can only be estimated with the help of the percentage/growth 
curves. For potassium only a rough optimal range between 1.7 and 2.3 per 
cent can be obtained, but the steeper magnesium curve gives a range between 
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Table 5. Relative total dry weights at different ion strengths but constant. proportions of 
the elements in the nutrient solutions. The control dry weight is put equal to 100 and its 
element concentrations to 1. 


OO 


| Concentration | 1/4 1/3 2/3 1 3/2 5 4 
D en ime EEE EEE BEE 
| Dry weight............ | 55 76 81 100 66 78 31 


Table 6. Relative total dry weights at different pH in the nutrient solutions. 
The greatest dry weight is put equal to 100. 


pH in the nutrient solution | 3 4 


or 
or) 
=] 


Deysweicht nr. | 69 100 89 70 85 


0.24 and 0.27 per cent. The growth curves are more or less flat near the opti- 
mum; therefore one ought to speak of optimal ranges rather than optimal 
points for most of the elements. It is thus justified to interpolate graphically 
percentages corresponding to a certain growth level, for instance over 90 per 
cent of control growth. Such values are given in Table 7. It must be held in 
mind that on account of the mentioned difference between control and opti- 
mal growth for magnesium and especially potassium the ranges given for 
these elements are too wide. 

More certain than optimal percentages are those which correspond to half 
control growth, because of the steep course of the growth curve within this 
range. Therefore these values seem to be reliable also for potassium and mag- 
nesium with good approximation. 


Table 7. Approximate contents in the leaves corresponding to three different points on 
the growth curve. 


With deficiency symptoms Content in the leaves, % of dry weight 
D Content in ; A1#50% At 90 % 
Element| Symptom the leaves, % er 43 of control ia ARE of control 
EE dry weight gr contre growth x growth 
N Beginning... 2.0 40 2.3 3.6 3.4 —4.0 
P Beginning... 0.12 70 0.08 0.39 0.21 —0.53 
DEVELE Me 0.3 27 } 9 10 eh 8 
Ns { ee eee 0.8 88 UB ay | 
Ca Beginning... 0.12 84 0.04 0.30 0.14 —0.58 | 
Severe ...... 0.06 22 } 0.09 0.34 0.15 —0.37 
Mg { Noel tie. 0.18 100 | | 
S Beginning... 0.12 50 0.12 0.24 nA 
z DLLON eS eee 0.003 70 | 0.002 0.014 0.008 — | 
er { Non. 8.000 90 | 
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The results show that nitrogen and sulphur hold a unique position among 
the nutrients as growth-determining factors. At a growth of 50 per cent of 
the optimal, the percentages of the elements in the leaves have thus for most 
elements decreased to less then 30 per cent of the optimal percentages. The 
corresponding values for nitrogen and sulphur are about 70 respectively 50 
per cent. Now if the elements are arranged in a series with decreasing growth 
influence on the basis of their percentages in the leaves when growth is de- 
creased to half the optimal the following picture is obtained: 


N>S>Mg>P,K>Ca>Fe 


Within the supra-optimal range the growth effects are similar. It is clear 
from Table 4 that very high percentages of calcium and phosphorus can 
occur (250 respectively 233 per cent of the control percentages) without a 
correspondingly extreme decrease in growih. On the other hand, only rela- 
tively small increases of the nitrogen percentages over the optimal occur 
(130 per cent of the control percentage) and are than associated with a not- 
able decrease in growth. 


Morphological Effects 


More or less specific changes in leaf, stem or root appearance could be 
seen when there was a deficiency of the different elements. A more general 
change in the plant morphology was most striking in strong calcium defi- 
ciency when all tips (on leaves, stems and roots) died. On the whole the 
deficiency symptoms are of the same type as in other plants as reported by, 
for instance, Wallace (69) and Lundblad (38). 

The leaves. Deficiency symptoms in the leaves were visible for all elements, 
at least at the lowest supply. The corresponding percentages in the leaves of 
the element in question (Table 7) can only be given approximatively, for the 
symptoms developed continuously with increasing time and decreasing sup- 
ply. It is particularly difficult to give such values for potassium, magnesium 
and iron, for which beginning symptoms are lacking in the experiments. In 
the case of nitrogen the value is taken from the nitrogen-phosphorus experi- 
ment with optimal phosphorus supply. 

The relation between symptoms and growth are also found in Table 7. 
It is seen that decreasing nitrogen or sulphur supply leads to marked de- 
crease in growth before symptoms develop. On the other hand, phosphorus, 
calcium, or iron symptoms are already visible at relatively good growth. How 
potassium or magnesium behave in this respect is impossible to estimate. It 
is evident that the growth can be quite severely hampered by nitrogen or sul- 
phur deficiency without visible symptoms. The deficiency symptoms of the 
leaves are described in Table 8. 
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Table 8. Deficiency symptoms in leaves and roots. 
ee —  ——————————.- ————…—. 


Element 


Leaf symptoms Root symptoms 

N All leaves relatively small. Pale green to yellow | Roots long and very 
colour. Anthocyanin spots on the neath-side. Dying thin. 
older leaves. 

P Dark green colour and strong anthocyanin colouring | Violet to black colour- 
on the neath-side. Nearly normal growth of the ed root tips. 
leaves. 

K First anthocyanin colouring. Then yellow-white | No special symptoms. 
young leaves. Buckled leaf-blades. 

Ca First dying leaf tops leading to more rounded leaves. | Short roots that seem- 
Then whitened leaf margins. Buckled leaf-blades ed multilated. Many 
| fading from the tips. At last dying plant tops and short branches. 

branch formation. 

Mg First yellowing leaves with grey to brown spotted | No special symptoms. 
margins spreading over the whole leaf-blade. 

Finally the leaves died. 

S Colour as in nitrogen deficinecy but no anthocyanin | No special symptoms. 
formation. The symptoms restricted to the young 
leaves. 

Fe Bright yellow leaves in the top of the plants. Often | No special symptoms. 
green margins on middle-aged yellow leaves. 


The stems. The effect of calcium deficiency on the top meristems has al- 
ready been mentioned. With the other deficiencies no specific effects could be 
recognized on the stems. On the other hand, an experience common for all 
experiments is worth mentioning. In Figure 1 the correlation between the dry 
weights of leaves and stems is shown. Each dot represents one beaker. It is 
seen that the correlation is very strong (0.98), and that the quotient between 
stem and leaf dry weights is very closely equal to 0.56. 

It is seen that the correlation is independent of treatment and thus of the 
growth-decreasing cause and deficiency symptoms. A number of workers 
have studied this correlation on naturally growing tree species (see for in- 
stance 10, 16, 60). In all these cases it was found that with increasing amount 
of assimilating organs the stem growth made an optimum curve. Stälfelt (60) 
has analysed this curve for spruce and came to the conclusion that the water 
and light (self-shading) factors were limiting the stem growth at great needle 
masses. Under the present experimental conditions these two factors were of 
little or no importance, and it seems therefore natural that a linear correla- 


tion was realized. 

The roots. Symptoms were visible only in three cases and these are de- 
scribed in Table 8. 

The root/shoot quotient is affected in three cases, viz., when the nitrogen, 
sulphur, or iron supply is varied. In all three cases the quotient decreases 
with increasing supply as seen from Table 9. Similar results have been found 
by many workers, and the problem has often been discussed in literature. 
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Figure 1. The correlation between leaf and stem dry weight production 
within all experiments. The regression is y= —2.7+9.56 x. 


The percentages of the different elements in the roots are often quite dif- 
ferent from those in the leaves. For nitrogen, sulphur, and potassium the 
percentages are about the same in leaves and roots, but the calcium and mag- 
nesium values are lower in the roots and the phosphorus and iron values are 
higher. The difference in iron percentages is particularly striking in potas- 
sium deficiency where the iron value of the roots reaches up to 1000 times 
that of the leaves. 


Interactions between the Elements 


The analysis of the plant parts (Table 3) shows that varied supply of 
an element often affects the content also of other elements. An increased 
supply leads sometimes to increased and sometimes to decreased content of 
one or more other elements. The different interactions are surveyed in 
Table 10. 

Ion antagonism is a well-known interaction since the works of Lunde- 
gardh (39) and Burstrôm (11). This type of antagonism is also found here 
between potassium, calcium, and magnesium except that calcium does not 
seem to affect the potassium content. Also lower nitrogen supplies affect the 
calcium and magnesium content in a similar way. It is possible that the 
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Table 9. Root/shoot quotients with different supplies of nitrogen, sulphur, and iron. 


eee 
Dry weight, g/beaker | 
Element Supply ppm. | 4 2 2 = Root/shoot 
| Root | Shoot 
| 
| 4.2 | 0.19 0.54 0.35 
| 28 0.29 2.26 0.13 
AN PRE eas > ‘ 140 | 0.37 3.19 0.12 
| 280 | 0.32 2.68 0.12 
560 0.29 2.54 0.11 
| 0 | 0.20 0.61 0.33 
LS | 0.64 | 0.31 1.86 0.17 | 
Pr ant | 6.4 0.27 2.48 | 0.11 | 
| 64 0.37 3.19 | 0.12 
0 | 0.14 0.54 0.26 
7 | 0.03 0.27 1.48 | 0.18 
rer: 0.28 0.27 1.97 0.14 
2.8 0.31 2.19 | 0.14 


ammonium ions are antagonistic to a certain extent, but “dilution” effects 
caused by increased growth seem also to be of importance. 

Nitrogen and phosphorus. The connections between these two elements 
have often been discussed. On account of certain new results with forest trees 
(21, 65) a special experiment was carried out where every four nitrogen sup- 
plies were combined with every four phosphorus supplies. In Figure 2 dry 
weights and nitrogen and phosphorus contents are shown for both leaves and 
roots. It is seen that the content of one of the elements tends to decrease when 
the other reaches an optimum or when both are in the deficiency range. In 
both cases the effects are small and coincide with growth increases, and 
therefore it seems to be a case of dilution effects. Tamm (65) found in a field 
experiment a rapid decrease in phosphorus content after nitrogen fertilization 
without corresponding growth. Tamm has mentioned the possibility of an 
interaction in the soil. 


Table 10. Interactions. With increasing supply of the element in the table head + indicates 

that the percentage of the element in the left column increases in the plant, — that it 

decreases, and + that it first increases then decreases. 1 (r) indicates that the effect is 
manifested only in the leaves (roots). 


Constant In the nutrient solution varied element 

element N P K Ca Mg S Fe 
N a. ai + | 
a CE — | — | 
en 8 es + — — | 
Ca ee + — 1 - — — 
Mg + ln | = 
SER is eek este + | 
ARE ee —1+Db Er o 


Physiol. Plant., 10, 1957 


430 TORSTEN INGESTAD 


ar cent N of dry weight leaves +: per cent P of dry weight leaves 
] | 


sper cent N of dry weight roots er cent P of dry weight roots 


0 0 
0 45 8 240 0 15 8 240 0 2 108 | 312 
1,6 p-p.m.P in nutrient solution 16 ppm. P in nutrient solution 24 pp-m. N in nutrient solution 


Figure 2. Dry weights, nitrogen, and phosphorus contents of leaves and roots at varied 
supplies of nitrogen and phosphorus in different combinations. 


Potassium, iron, and phosphorus. It is seen from Table 8 that the potas- 
sium deficiency symptoms partly correspond to those in iron deficiency. Thus 
chlorosis is found in the young leaves in both cases. The leaf analysis shows 
(Table 3 A), in fact, that there is an extremely low iron percentage in the 
leaves in potassium deficiency. The iron content increases then with the potas- 
sium supply and at the same time the chlorosis disappears. In the roots the 
iron percentage is but little affected by the potassium supply (Table 3 B). In 
the stems the iron content describes a minimum curve with increasing potas- 
sium supply (Table 3 C). 

Thus it can be stated that the potassium supply affects the transport of 
iron from the lower organs to the higher and that this is the main reason that 
potassium deficiency involves an iron deficiency in the leaves. 

This effect of potassium on the iron content in the leaves has been found 
also by Hewitt and Bolle-Jones (30) and Bolle-Jones (8). Bolle-Jones came 
to the conclusion that the primary cause was an interaction between potas- 
sium and phosphorus, leading to a depression in the total phosphorus con- 
centration and an increased iron transport with increasing potassium supply. 
The present results agree with these conclusions and those of Olsen (51) that 
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Table 11. Average percentages of phosphorus, potassium, and iron in the plants from the 
potassium series. 


D 


Potassium supply, | Total mg of element taken up as per cent of total mg dry weight 
m. E 

PP P K Fe 
El Un MP nn Bel eee ee RE 

0.6 > 0.81 0.24 0.14 

6.0 6.54 0.58 0.16 

60 0.48 2.34 0.16 

175 0.43 2.41 0.17 

| 350 0.45 2.89 0.16 


iron can be bound to phosphorus in roots and stems and in potassium defi- 
ciency to such an extent that very little iron reaches the leaves. Thus the iron 
and phosphorus contents follow each other in the roots and stems of the 
potassium series (Table 3B and C). The phosphorus, however, is taken up 
in such amounts that the leaves can show normal or high phosphorus percen- 
tages in spite of the precipitation of ferric phosphate in the lower organs. 

From Table 11 is seen that the average phosphorus percentage of the whole 
plant increases with decreasing potassium supply, whereas the average iron 
percentage is nearly constant. This favours the concept that the primary 
potassium effect is on the phosphorus uptake. 

Judging from the leaf percentages, phosphorus seems to be 
against iron, and this effect is realized also in both leaves and roots from the 
phosphorus series (Table 3 A and B). This phenomenon is thus not a true 
antagonism but a result of the transport relations. 

Other interactions. It is seen from Table 3 that the leaf and root contents 
of phosphorus, potassium, calcium, and magnesium are high in iron defi- 
ciency. This is in agreement with Olsen (51), who interpreted this effect as a 
consequence of the chlorosis and the decreased dry weight production. 

It is also seen from Table 3 that the nitrogen percentage (Kjeldahl-nitrogen) 
of the leaves increases with the sulphur supply. Similar results have been 
reported by, for instance, Eaton (18) and Kylin (31). Eaton found this inter- 
action to be a consequence of decreased nitrate reduction in sulphur defi- 


ee 


antagonistic” 


ciency. 


Discussion 


The composition of the control nutrient solution has been shown to be 
suitable for birch, even if the potassium and magnesium concentrations are 
somewhat too high. The effect of a certain nutrient solution must, however, 
be put in relation to the actual external conditions (light, temperature, etc.). 
It seems, therefore, meaningless to correlate, for instance, dry weight produc- 
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tion with the concentrations of the elements in the solution. Instead the 
nutrient solution may be regarded as an easily controllable medium for pro- 
ducing a plant with a certain physiological condition, which in turn involves 
a certain growth. As a measure of this physiological condition the percentages 
of the elements in the plant and especially in the leaves can be chosen. It 
must, however, be remembered that these percentages only reflect the condi- 
tions at the end of the experiments. 

Foliar anslysis has often been used in the study of forest nutrition (for 
instance, 1, 36, 37, 43, 45, 62, 64, 65, 66). The analytic results have been uti- 
lized with varying success and it seems to be of importance that physiological 
aspects are applied to the problem. 

The percentages in the leaves that correspond to optimal growth, as far as 
is possible to determine, are given in Table 7. No values for birch are pub- 
lished that can be compared with those found here, as far as the author 
knows. Tamm (65) mentions, however, that the growth optimum for birch 
from a field experiment probably corresponds to a higher nitrogen content 
in the leaves than 3.3 per cent of the dry weight. Mitchell and Chandler (45) 
found for a series of other deciduous trees no higher optimal nitrogen level 
than 3.2 per cent. Lundegärdh (40) gives a series of optimal contents for 
Avena and Triticum leaves that recalculated in per cent of dry weight are: 
N: 2.0—2.3; P: 0.31; K: 1.5. These comparisons lead to the conclusion that 
the nitrogen requirement of birch is relatively great. 

Leaf contents in deficiency have, on the contrary, often been published. 
Tamm (65) has in a table summarized such values for different tree species, 
and Goodall and Gregory (20) have published deficiency contents for many 
other plants. In Table 12 are summarized extracts from such works. In the. 
study of the table the differences in percentages of dry substances between, 
for instance, needles and birch leaves should be kept in mind and therefore 
the content of elements in needles as per cent of dry weight show relatively 
low values. 

It is evident from Table 12 that again the relatively high nitrogen require- 
ment is the most outstanding property in birch nutrition. It is seen that birch 
requires as much nitrogen as “group III”, the most nitrogen-requiring deci- 
duous trees according to Mitchell and Chandler (45). For sulphur relatively 
few values seem to be available for comparison. It is seen from Table 12 that 
the value found here is higher than that for Citrus. According to Ergle and 
Eaton (19) the cotton is evidently the most sulphur-requiring plant among 
those they have investigated. Judging from their results from different de- 
grees of deficiency in cotton, pirch seems to be nearly as sulphur-requiring. 
It is, therefore, possible that the birch is relatively sulphur-requiring too. 
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Otherwise the birch seems to be less exacting, especially in the case of phos- 
phorus and calcium. 

The relatively high physiological nitrogen requirement is in agreement 
with the ecological observations (61, 68). The resemblance of birch to the so 
called “nitrate plants” (Hesselman, 25) is not only restricted to the nitrogen 
requirement but seems also to be valid for the relatively low requirement 
of other nutrients. 

The opinion that birch is of importance for the development of the forest 
soil can also have a physiological background. Thus it is possible that the 
calcium content in the litter horizon can be affected by the capacity of birch 
to take up great amounts of calcium in the leaves. It is, however, doubtful 
whether this property has a more general significance, because Mork (47) has 
established in certain field experiments that birch litter contained less cal- 
cium than spruce litter. On the other hand, it has been reported that birch 
probably can decrease the podsolization in coniferous forests (Käsa, 33), and 
it must be remembered that birch roots grow more deeply in the soil than 
roots of conifers (see, for instance, 17 and 41). The birch can also be of great 
importance for the transfer of soluble nitrogen to organic bindings on clear- 
fellings and burnt areas. In this way birch could prevent the loss of soluble 
nitrogen compounds by leaching. For such a task the birch may be regarded 
as a very suitable tree on account of partly the great capacity of nitrogen up- 
take and partly the great youth growth. In contrast to the herbaceous “nitrate 
plants” the birch subsequently forms a good light screen for young conifer 
plants (Malmström, 41). 

The great nitrogen requirement seems later to be of decisive importance 
for the birch, because the nitrogen supply is the growth limiting factor in 
many places. Thus Tamm (64) has reported an average of 2.31 per cent 
nitrogen in the leaves from 90 natural stands, which must be regarded as a 
sign of a strong average deficiency. It may also be mentioned that contents 
higher than 3 per cent nitrogen are rare (Tamm, personal communication). 

Even if very little is known about the birch mycorrhiza (see Björkman, 3), 
there is nothing that indicates that it should have an essentially different 
function than the mycorrhiza of the conifers. Thus the mycorrhiza seems to 
be of little or no importance for the birch in the uptake of nitrogen on sites 
rich in nitrogen but ought to be regarded as an effective nutrient absorbing 
system for the exploit of relatively poor soils (4, 5, 7, 23). 

The deficiency symptoms (Table 8) are essentially similar to those of other 
species (38, 69). Differences are found principally in potassium deficiency. 
It is shown that the iron percentage in the leaves is very low in potassium 
deficiency and that the primary reason probably is an interaction between 
polassium and phosphorus in agreement with Bolle- Jones (8). It is supposed 
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that this interaction leads to a disturbance of the iron transport. The P/Fe 
quotient in the leaves increases with decreasing potassium supply. This can 
be the cause of the chlorosis in agreement with the principle advanced by 
DeKock and co-workers (12, 13, 14, 15). The present chlorosis in potassium 
deficiency seems, however, rather to be caused by an absolute iron deficiency 
in the leaves. 


Chlorosis in connection with potassium deficiency has also been described for 
other plant species, for instance for young spruce (6, 48, 63), where chlorosis appears 
in the plant tops. Björkman (6) has analysed yellow and green needles from such 
plants and found a real difference only in the potassium percentage. A real dif- 
ference in the P/Fe quotient is not present. The related chlorosis principles thus do 
not seem to be applicable here. 

Older spruce trees with potassium deficiency show no chlorosis in the one-year 
needles but in older ones (67). These needles have low potassium percentages, but 
the iron content is not extremely low. Tamm (66) has reported contents in birch 
leaves from a stand with potassium and probably also phosphorus deficiency. The 
chlorosis disappears after potassium fertilization but no change in the P/Fe quotient 
has been found. Phosphorus fertilization leads however to intensified chlorosis, de- 
creased potassium content, and very high phosphorus content. It is possible that an 
increased iron precipitation can be of importance, but it is also possible that, as 
Tamm mentions, the phosphorus fertilization leads to a growth response and thus 
to an increased potassium deficiency. 

It is seen that the potassium chlorosis in the forest trees is not caused by iron 
deficiency, judging from the present available data. This possibility, however, can- 
not yet be excluded because of the uncertainty of the iron determination on ecological 
samples. 


It has been difficult to find comparable values of the nutrient contents in 
the roots. Boresch (9) has, however, summarized a series of root analysis 
results from other plants. A comparison shows that the phosphorus and par- 
ticularly the iron percentages are high in the present experiments. This 
seems to be due to a high uptake of iron that, however, is precipitated in 


the roots. 


Summary 


Young birches have been grown in nutrient solutions with varied supplies 
of N, P, K, Ca, Mg, S, and Fe. An interaction experiment with nitrogen and 
phosphorus has also been carried out. Growth measurements have been made 
(fresh weight, dry weight, and stem length), and as far as the amounts of the 
samples has been sufficient leaves and roots have been analysed for all ele- 
ments in question. The results can be summarized as follows: 


1. Approximative determinations of the leaf percentages of dry weight that 
correspond to different physiological conditions of the plants have been 
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6. 


carried out. Judging from these values the elements can be arranged in 
the following series with decreasing growth influence: 


N>S>Mg>P,K>Ca>Fe 
Comparisons with analytic results from other plants lead to the conclusion 


that the birch is relatively nitrogen- and possibly also sulphur-requiring 
but otherwise relatively unpretentious. 


. The deficiency symptoms are commonly similar to those of other plants. 
. A very strong correlation between the leaf and stem dry weights has been 


found. The correlation is linear and independent of what element is the 
growth-limiting factor. 


. The root/shoot quotient is affected by the N, S, and Fe supply. With in- 


creasing supply the quotient decreases. 

Many interactions between different elements has been found. Of these the 
effect of low potassium supply on the iron content of the leaves is the 
most striking and seems to be the cause of the chlorosis. The results indi- 
cate that the primary effect with decreasing potassium supply is an in- 
creased phosphorus concentration in the plants and this seems to affect 
the iron transport from the lower organs. 
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It is a familiar fact that the primary roots of seedlings of one and the same 
plant species have an extremely uniform appearance, and that internal fac- 
tors of a hereditary nature have a greater influence on the appearance than 
have environmental factors. At a certain time, which may occur a little earlier 
or later in different species, the factors in the surroundings, however, begin 
to exert an ever increasing effect on the growth and development of the root. 
Among the many factors playing a greater or smaller part in this respect, 
only the water content of the substratum will be mentioned in this paper. 

Toumey (1926) found that the sensitivity of this very factor was partic- 
ularly great in roots of Acer rubrum, where its effect was traceable already 
after about 10 days. If the plant is grown in a very humid substratum, the 
taproot becomes very short, while, on the other hand, long lateral roots, 
located immediately under the surface of the soil, develop. In dry soil, how- 
ever, a long, deep-reaching taproot develops, with but few and short lateral 
roots. A similar observation: that the root elongation is stimulated in some 
measure by a decline in the water content of the soil, has been made by 
Weaver and co-workers (see Weaver and Clements 1929). 

Apart from these remarks, it is not the intention to quote in this paper the 
literature (which, incidentally, is rather scant) on the effect of the water 
factor on the growth of the root (the latest review is given by Veihmeyer in 
1956). In an investigation where lupine roots were used as the indicator for 
the demonstration of the growth-inhibiting effect of various substances in 
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human blood, the sensitivity of the roots was found to depend greatly on the 
pre-treatment, including the influence of the water content of the substratum 
(sphagnum or saw-dust of deciduous trees) in which pre-germination had 
taken place. A number of systematic investigations were made to examine 
this relationship, and during these investigations some observations were 
made which tend to supplement those mentioned above; at the same time a 
peculiar difference between the course of the cell elongation in the root and in 
the hypocotyl could be demonstrated. The growth of the latter stem part is 
dependent in a different way on the humidity in the substratum than the 
growth of the root. This phenomenon does not appear to have been described 
previously in the literature. Nor do studies on the germination of water- 
imbibed seeds in substrata with different moisture contents seem to have been 
published. 

Experiments. Seeds of Lupinus albus L., from the last or last-but-one Ita- 
lian crop, having a diameter of about 10 mm in air-dried condition, were used. 
Before being sown, the seeds were left for 24 hours in tap-water at 20°C. 
Under these circumstances the imbibition was fully completed. 

Raised-bog sphagnum was prepared for sowing beds as follows. After 
determination of the dry-matter percentage of the air-dried material, water 
was added to samples in enamelled pails in such quantities as to give moisture 
contents ranging between 50 and 600 per cent. All percentages calculated on 
absolute basis (grammes of water per 100 grammes of dry matter). Following 
the addition of water and careful stirring, the pails were sealed airtight and 
left to stand for about 24 hours, after which the cultivation vessels were filled 
with substratum and the seeds were sown. The seeds were placed immediately 
below the surface of the substratum and protected against dry-out by glass 
lids or the like, without the access of air being completely prevented. Cultiva- 
tion took place at 20°C. 

The results appear from Figures 1—3 with captions. Experiments were 
made with sphagnum containing 50, 75, 100, 125, 150, 200, 250, 300, 500, 
and 600 per cent water, respectively. (It should be observed that the same 
water percentages in different substrata do not of necessity produce the same 
effect). The optimum root growth and the highest rate of growth were ob- 
tained in sphagnum containing 100 to 200 per cent water (Figure 1). Smaller 
growth and lower rates of growth were observed in tubes with lower and 
higher water percentages. Only the increase in length was studied, the root 
volume not being measured. No doubt, the longest roots were the thinnest, 
and it is quite probable that the root volume increased with an increasing 
water percentage, from the minimum to the maximum. The root length, how- 
ever, formed an optimum curve as a function of the moisture content of the 
substratum. A similar optimum curve for the longitudinal growth of the root 
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Figure 1. From an experiment in which 
rather large seed samples were grown 
in Danish raised-bog sphagnum. A: Pairs 
of plants taken from test vessels with 
50, 75, 100 and 125 per cent water 
(upper row); and 150, 200 and 500 per 
cent water (lower row). 3 days after 
sowing. B: Corresponding pairs taken 
out 7 days after sowing. Ink marks in- 
dicate the location of the crowns. A 
minor hypocotyl elongation is apparent 
in the seeds whose roots had grown in 
sphagnum containing 125 per cent 
water; next, increasing hypocotyl elon- 
gation with an increasing water con- 
tent. (Phot. Ernst Hellmers.) 


was observed by Walter (1950, p. 351) who cultivated peas in solutions hay- 
ing different concentrations of sugar. The optimum was reached at a relative 
vapour pressure in the substratum of 99.5 per cent (osmotic pressure 6.7 
atm). In pure water the growth was only 25 per cent of the optimum, and 
growth ceased completely at a relative vapour pressure of about 98 per cent 
(O.P. 30 atm). Walter concluded that the occurrence of an optimum for the 
root growth was due to the absorption of sugar, promoting cell formation and 
cell elongation and counteracting the increasing «inhibition of the growth 
which, he assumed, took place with an increasing physiological dryness of 
the substratum. In the sphagnum experiments there can be no compensation 
of the effect of the humidity on account of the absorption of nutrients. The 
only factors which in this case might affect the occurrence of a growth 
optimum is the supply of oxygen, which may be obstructed in the most humid 
substrata. Detailed investigations are, however, necessary before this question 
can be determined. 
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Figure 2. Plants grown in Danish raised- 
bog sphagnum with 200 and 75 per cent 
water, respectively. In the tubes to the 
right the roots reach down to the bottom, 
where they entwine into a dense ball, but 
the hypocotyl is not elongated. In the tubes 
to the left the same applies to the root 
growth, but at the same time there is a 
vigorous elongation of the hypocotyl cells. 
9 days after sowing. (Phot. Ernst Hellmers.) 


The experiments have disclosed the interesting fact that the hypocotyl is 
not elongated in pace with the development of the root. In some of the experi- 
ments the occurrence of 50 to 60 cm long roots, without the cotyledons hav- 
ing been raised the least bit above the surface of the substratum, has been 
observed. Only at a water content of 100 to 125 per cent does elongation of 


Figure 3. Plants grown in 45—50 cm 
deep tubes. (Sphagnum from raised 
bogs in Wisconsin). Water percentage 
from left to right: 250, 100, 300 and 
600 per cent, respectively. Photo- 
graphed after 14 days. The roots 
reach right to the bottom of the tubes 
with 100, 250 and 300 per cent water, 
but in the tubes with 600 per cent 
water they hardly reach the bottom. 
100 per cent is too low a water con- 
tent for elongation of the hypocotyl. 
In the tubes with 600 per cent water 
a vigorous lateral-root formation was 
observed. (Phot. Jac. Overgärd.) 
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the cells of the hypocotyl begin, and the rate of elongation increases distinctly 
with an increasing water percentage in the substratum. It looks as if the 
accessible water, the imbibition water in the cotyledons and the water which 
may be absorbed from the driest sphagnum substrata, are utilised solely for 
the growth of the root, and that the hypocotyl requires an ampler supply of 
water for its growth than does the root. Thus, the cell elongation in these 
two organs seems to make different demands on the supply of water. Also 
this peculiar phenomenon calls for a more detailed investigation. 

In addition to the abovementioned experiments, a determination of the rela- 
tion between the water content and the diffusion-pressure deficit in the 
Wisconsin sphagnum applied, was made. The determinations was carried out 
by the Hydrotechnical Laboratory of the College (by courtesy of its head, 
Dr. H. C. Aslyng). It was established that the hypocotyl elongation is totally 
inhibited at a diffusion-pressure deficit in the substratum of 8 to 10 atm, 
while the root-growth of the water-imbibed seeds can take place freely at 
diffusion-pressure deficit values far beyond 15 atm. 


Summary 


Elongation of roots of water-imbibed seeds of Lupinus albus was found to 
be greatest in sphagnum with a water content of 100—200 per cent, calculated 
on dry matter. Higher and lower water percentages resulted in slower rate of 
growth. Hypocotyl elongation was not observed when the water content was 
below 100 per cent The cell elongation in roots and hypocotyls thus seems 
to make different demands on the water supply. 
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Withrow et al. (1956) state in a preliminary communication that a short 
light impulse given to an etiolated bean leaf causes an increase in the rate 
of chlorophyll formation when the plant is subsequently illuminated con- 
tinuously. The condition precedent for such an increase is that a dark period 
of about 5—15 hours follows after the first short light impulse. Most active 
in causing this change in chlorophyll formation is light around 660 mu. 
According to Withrow et al., the effect is nullified by an after-irradiation 
with infrared light around 730 mu. This reaction seems, therefore, to be 
another of these peculiar reversible light-responses, intensively studied during 
the last years; for references, see Dewns (1955) and Hendricks et al. (1956). 

As will be seen below such an effect of a short light impulse is clearly 
demonstrable also for etiolated leaves of wheat. By such a treatment it is 
thus possible to change the rate of the chlorophyll formation within certain 
limits. 

During the process of greening of an etiolated wheat leaf placed in con- 
tinuous light, there is a close relationship between stomatal light-response 
and chlorophyll content (Virgin, 1956 b, 1957). In these two investigations 
the transpiration was measured, on the one hand of etiolated wheat leaves 
which were in the process of greening, on the other of chlorophyil-deficient 
plants of various kinds. The conclusion which could be drawn from these 
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experiments was that the stomata do not respond to light with a measurable 
change in aperture — measured as a change in transpiration — unless chloro- 
phyll a is present in the tissue. Below a certain concentration of pigment the 
magnitude of the response depends on the concentration of pigment. 

In the present investigation the transpiration has been followed for leaves 
with varying chlorophyll a content obtained by pretreatments consisting of 
short light impulses followed by dark periods prior to the period of con- 
tinuous illumination. As will be seen from the following, a close relationship 
between chiorophyll a content and transpiration also exists in this case. In 
respect to the site for the chlorophyll pigment it is more or less insignificant 
whether this is situated in the guard cells or in the mesophyll cells, as a light 
effect on green areas due to carbon dioxide diffusion can spread to adjacent 
areas kept in darkness. (Cf. Scarth, 1932; de Alvim, 1952). 


Material and Methods 


The plant material used for the experiments consisted of etiolated dark-grown 
leaves of wheat (Weibull’s “Eroica”). The cultivation was in full accordance with 


the description given earlier (Virgin 1956 b). 

The principle of the method used for the transpiration measurements as well as 
for the determination of the pigment content of the illuminated leaves are also all 
described in Virgin (1956 a, b) where the details of the transpiration measurement 
device can be found. 

It was not possible to perform the chlorophyll analyses at the same rate as the 
samples were taken. The samples were, therefore, immediately cooled down to 
about —30°C and kept at this temperature in total darkness until time for extrac- 
tion. In order to prevent destruction of the pigment in the thawing, this was carried 
out when the samples were immersed in the cooled acetone used for the extraction. 


The temperature during all experiments was kept within 22—23°C. The 
light source used for irradiation was ordinary filament lamps with the infra- 
red radiation filtered off by means of heat-absorbing filters. 


Experimental 


Chlorophyll a formation 


The formation of chlorophyll a in an etiolated leaf exposed to continuous 
light goes on very slowly during the first two hours of illumination (Blaauw- 
Jansen et al., 1950; Virgin, 1956b). The rate of formation is relatively in- 
dependent of the intensity of light within rather broad intensity limits. At 
intensities above circa 1,000 meter candles, however, bleaching takes place, 
resulting in a lower rate of pigment formation (cf. Virgin, 1955 b). At very 
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Figure 1. Chlorophyll a content in 
etiolated wheat leaves after two and a 
half hours of illumination. Intensities 
of light 1,300 and 50,000 meter candles. 
Prior to the illumination the leaves had 
been given a short light impulse for 
four minutes (1,300 meter candles) fol- 
lowed by dark periods of varying 
lengths denoted in the Figure along the 
abscissa. 0 —-O 1,300 meter candles; 
@——® 50,000 meter candles. 
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low intensities of light the pigment synthesis is also dependent on the inten- 
sity. The cause of the fact that a relatively great range of intensities gives 
the same pigment yield is that the formation goes via protochlorophyll, the 
formation of which will be the limiting factor for the chlorophyll a forma- 
tion, as the transformation of protochlorophyll to chlorophyll a is an extre- 
mely rapid reaction. (Virgin, 1955a; Smith and Young, 1956). After a con- 
tinuous illumination with medium intensities of light for about two hours 
the amount of chlorophyll does not greatly exceed the chlorophyll a im- 
mediately formed at the beginning of illumination, resulting from the proto- 
chlorophyll initially present in the unilluminated leaf. Later on an accelera- 
tion sets in. 

If a short period of illumination — in this case four minutes of 1,300 meter 
candles white light freed from infrared — is given to etiolated dark grown 
wheat leaves, followed by a dark period of varying length, a subsequent 
illumination for two hours will produce chlorophyll a, the amount of which 
depends on the length of the dark period. This is shown in Figure 1. In 
these experiments the intensity of the continuous illumination was 1,300 and 
50,000 meter candles. It is evident from the Figure that the promoting effect 
on the chlorophyll formation of a short light impulse, shown by Withrow 
et al. (1956) to be effective for etiolated dark grown bean leaves, is also 
clearly demonstrable in etiolated leaves of wheat. It can be seen in the 
Figure that the maximal effect on chlorophyll formation is obtained when 
the dark period has lasted for around six hours. During a prolonged stay 
in darkness the promoting effect of the foregoing short light impulse slowly 
disappears. The real course of this disappearing is rather difficult to measure, 
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Figure 2. Chlorophyll a content 
in etiolated wheat leaves during 
00 J 9 two hours of illumination. In- 
tensity of light 1,300 meter cand- 
les. Prior to the illumination the 
leaves had been given a short 
light impulse for four minutes 
(1,300 meter candles) followed 
by dark periods of zero, three, 
and six hours respectively. 
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as the leaves are growing during the time in darkness, resulting in fresh 
tissue areas which have not received any light impulse or at least to a smaller 
degree than older parts. The effect of the short light impulse consists of a 
reduction of the lag period in the beginning of the chlorophyll a forma- 
tion. The formation of chlorophyll a during two hours of illumination after 
varying dark periods following a short light impulse is presented in Figure 2. 
The light intensity was in this case 1,300 meter candles. It can be seen in 
the Figure that no or very small amounts of chlorophyll a are formed during 
the first two hours of illumination when no dark period has been given after 
the first light impulse for four minutes. If a dark period of varying length 
is inserted, however, the rate of chlorophyll a formation increases consider- 
ably. It should be noticed that the same initial amount of chlorophyll is 
present at the start of the different light and darkness series. No chlorophyll a 
is formed during the short light impulse except for that amount resulting 
from the rapid transformation of the protochlorophyll initially present. This 
fact thus implies that there is something in the mechanism of the formation 
of protochlorophyli which is affected by the short light impulse. The light 
intensity used in the experiments presented in Figure 2 is high enough to 
cause maximal chlorophyll formation without any simultaneous pigment 
destruction (Virgin, 1956b). If higher intensities of light are used during 
the period of continuous illumination, the chlorophyll formation will assume 
a different course (Figure 3). At the beginning of the illumination of a plant 
which has previously been in constant darkness (“0” in the Figure) the 
photo-destruction of the pigment is so strong that the amount of pigment 
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Figure 3. Chlorophyll a con- 
tent in etiolated wheat leaves 
during two hours of illumina- 
tion. Intensity of light 50,000 
meter candles. Otherwise as in 
Figure 2. 0 
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continues to decrease until the acceleration in the formation gradually sets 
in. This effect of the strong light is also clearly seen in the curves for the 
formation of chlorophyll in plants where dark periods of three and six hours 
have followed after the first short light impulse. Since the formation of the 
pigment, however, is rather rapid in these cases, the effect of the bleaching 
will be less pronounced and most evident in the beginning of illumination. 
The chlorophyll destruction seems to be strongest in the beginning of illu- 
mination. The plant is able to adapt itself to intensities which — when given 
immediately to an etiolated plant — should result in a completely failure of 
chlorophyll formation (cf. Virgin, 1956b). The effect of the short light im- 
pulse seems partly to be a strong diminishing of the high light sensitivity of 
the pigments. 


Transpiration measurements 


In order for the stomata to respond to a light impulse the intensity must 
exceed a certain value, for wheat lying around 2,000 meter candles (Virgin, 
1956 a). The response increases greatly for higher intensities of light. Inten- 
sities above around 1,500 meter candles, however, are high enough to cause 
some chlorophyll destruction, at least in etiolated plants when they are 
abruptly exposed. Intensities of this magnitude are also greater than what 
is required for maximal chlorophyll formation. When the problem is to 
study the stomatal light response in etiolated plants one thus encounters the 
following dilemma. To obtain a stomatal response, the intensity must be of 
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Figure 4. Transpiration of etiolated wheat leaves during two hours of illumination. In- 

tensity of light 50,000 meter candles. Prior to the illumination the leaves had been given 

a short light impulse for four minutes (1,300 meter candles) followed by dark periods 

of varying lengths. In this and the following Figure the weight of the transpiring material 
is denoted after each single curve. 


such a magnitude that it affects the chlorophyll content. Two different 
series of experiments were therefore performed. In one series (Figure 4) 
high intensities of light were used during the whole period of illumination. 
In the other series of experiment the light intensity was kept at the optimal 
value for chlorophyll formation (not high enough to cause a stomatal 
response) for the same length of time and thereafter increased to high values 
(Figure 5). The pretreatment in the two sets of experiments prior to the two 
hours of illumination was the same as already described in connection with 
the experiments concerning chlorophyll. formation. 

Let us first consider the transpiration during two hours of strong illumina- 
tion (50,000 meter candles) following the dark period of varying length 
(Figure 4). The stomatal transpiration does not become evident until after 
about one hour of illumination. The magnitude of the transpiration then 
depends on the length of the preceding dark period. After two hours of illu- 
mination those plants show the highest rate of transpiration which have had 
a dark period of about six hours inserted between the first short light impulse 
for four minutes and the continuous illumination for four hour. Shorter as 
well as longer dark periods causes less rate of transpiration. A comparison 
of the transpiration curves in Figure 4 with the values for chlorophyll forma- 
tion, shown in Figure 3, reveals a rather close relationship between transpira- 
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tion and chlorophyll a content. When using high intensities of light, it is 
evident that a measurable increase in transpiration does not begin until after 
about one hour of continuous illumination, no matter how long the dark 
period has been, following the short light impulse. The course of chlorophyll 
formation in plants kept in darkness for three and six hours (Figure 3) shows 
that the light-induced increase in chlorophyll formation sets in practically 
immediately. The fact that a stomatal response can be established first after 
a little more than one hour shows that even if chlorophyll is present, the 
light must act for some time in order to build up the osmotic substance in the 
guard cells necessary for the mechanism to work. (Cf. also Virgin, 1956 b; 
Fig. 1). As the stomata are closed at the beginning, the photosynthesis during 
this period goes on slowly. It is of interest to notice that also in the case of 
low pigment concentration (curve “0”) we get a weak indication on a stomatal 
response after about one and a half hours of illumination. 

The transpiration values shown in Figure 5 were obtained when plants 
were illuminated with weak light during the continuous period of illumina- 
tion (1,300 meter candles). This intensity is not strong enough to cause a 
stomatal response. After two hours of illumination (at zero time in the 
Figure) they are given high intensities of light (50,000 meter candles). The 
response to the strong light is great but is also here in proportion to the 
pigment content at the beginning of illumination. The pigment content at 
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this point is given for three different dark periods in Figure 2 at the time 
two hours. It is of interest to notice here that the increase in transpiration 
sets in immediately after the increase in light intensity. This fact supports 
the idea that photosynthetic products are produced and accumulated during 
the period of illumination with weak light. This light, however, is not strong 
enough to shift the equilibrium in the guard cells towards concentrations of 
soluble substances high enough to increase the diffusion pressure deficit so 
that an opening movement can take place. 


Conclusions 


The experimental data presented in this paper fully support the earlier 
expressed opinion (Virgin, 1956b, 1957) that the presence of chlorophyll 
pigments is a necessary prerequisite for obtaining a measurable light-induced 
stomatal response. The findings show that at low pigment concentrations 
the motoric phase of the stomatal response is dependent on the presence of 
chlorophylls in the tissue. A close relationship was found to exist between 
the concentration of the pigments and the response when the pigments are 
in low concentration. This should thus imply that photosynthetic processes 
are involved in the formation of the osmotically active substances which are 
a prerequisite for a stomatal movement. When illuminating a completely 
starved tissue, e.g., an etiolated seedling, which has been kept in darkness 
since germination and without any reserve carbohydrates, light must act for 
a while in order to produce substances, the concentration of which is high 
enough to allow for a change in the diffusion pressure deficit of the guard 
cells resulting in a stomatal movement. The time required for this to take 
place shows a good correlation with the time required to form a certain 
amount of photosynthetic pigments. It is unimportant in this connection 
whether the change in the diffusion pressure deficit is initiated by changes 
in the pH value of the cell sap or in some other way via enzymatic reactions. 
From well documented facts presented by a number of authors carbo- 
hydrates seem to be the prerequisite for all reactions. 

It may thus be stated from the results reported in this paper and in the 
two previous ones in this series of investigations (Virgin, 1956b, 1957) that 
light-induced stomatal movements are intimately connected with processes 
initiated by light absorbed by chlorophyll pigments, probably chlorophyll a. 

Further experimental data on the effect of a short light impulse on the 


chlorophyll formation in wheat leaves will be published in due course. 
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Summary 


The chlorophyll formation and transpiration of etiolated dark grown 
wheat leaves have been studied after pretreatments with varying light. 

It was found that a short light impulse followed by a dark period of up 
to six hours increases the rate of chlorophyll a formation during a subsequent 
illumination with continues light. This is in accordance with the experimental 
results obtained with bean leaves by Withrow et al. (1956). 

Measurements of the transpiration show a close relationship between the 
stomatal light response and the chlorophyli a content of the tissue. 
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In recent years there has been considerable interest in the question of 
whether one, two, or more fungal extracellular enzymes perform the break- 
down of cellulose to glucose (Whitaker 1953—1956, Kooiman et al. 1953, 
Reese 1956). The enzyme producer most frequently used has been Myrothe- 
cium verrucaria, a cellulose splitter belonging to the group of fungi imper- 
fecti. In an approch to the same problem the present author studied some 
of the conditions required for the production of B-glucoside- and cellulose- 
splitting enzymes by the root rotting fungus on spruce, Polyporus annosus 
(Norkrans, 1957). All the data obtained supported the idea that an extra- 
cellular ß-glucosidase, in addition to the cellulose-splitting enzyme, was 
responsible for the total breakdown of cellulose to glucose. 

In the present investigation the author has expanded the study to cover 
the production of extracellular cellulolytic enzymes by some strains of 
another hymenomycete, the wood destroying Collybia velutipes. 


Material and Methods 


The following strains of the heterothallic Collybia velutipes (Curt. ex. Fr:) Quél. 
have been used: monocaryotic wi!dtypes such as L1, L7, and L11, dicaryotic wild- 
types such as L1XL7 and LiXL11, monocaryotic biochemical mutants such as 
the ornithine-less F 29/157 and the methionine-less F 8/86. They were courteously 
placed at the author’s disposal by Dr. Karin Aschan-Aberg who has isolated and 
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described these strains (Aschan 1952, Aschan and Norkrans, 1953) as well as 
the homothallic strain Mi 460 (Aschan-Aberg, 1956). The latter was derived from 
the heterothallic species by pairing the above mentioned ornithine-less mutant 
F 29/157 with another ornithine-less mutant F 28/42, and has been referred to in 
earlier works as the strain (F 29/157XF 28/42) (loci cit. above, Norkrans and 
Ranby, 1956). All enzyme preparations derive from cellulose cultures. All details 
concerning the culture conditions, enzyme preparations, the turbidimetrical test 
method for cellulolytic activity, as well as the determination of ß-glucosidase activity 
by means of the chromogenic p-nitrophenyl-ß-glucoside (“B-niphegluc”) were given 
in a recent paper (Norkrans, 1957). 

The activity against salicin and cellobiose was followed by determinations ot 
reducing sugar split off by the hydrolysis. The reaction mixtures corresponded as 
regards volumes and concentrations to those used in the niphegluc test. Thus, the 
enzyme substrates (0.5 mi of 0.011 M solutions) were incubated in a water bath at 
30°C with 0.5 ml of the enzyme preparation in question, along with 4 ml of a 
Teorell-Stenhagen buffer at pH 4.7 for 10, 20, and 60 minutes. The number of 
reducing groups was determined by means of Nelson’s arsenomolybdate reagent 
using a micro method for blood glucose determinations without preceeding protein 
precipitation (White and Delory, 1952). The measurements were made in a Beck- 
man Spectrophotometer Model DU at 560 mu. The author is greatly indebted to 
fil. kand. Lars Erik Henriksson at our Institute for performing the sugar deter- 


minations. 


Figure 1 shows the percentage of niphegluc split by different amounts of 

a Mi 460 preparation (no 175). It is seen that there is a direct proportionally up 
to at least 60 per cent total cleavage. Under the conditions used, 0.5 ml enzyme 
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Figure 2. ß-glucosidase activity of enzyme preparations from strain L1 (18 days) L7 
(21 days), and L11 (12 days) at various pH values in a citrate-phosphate-borate buffer. 


seemed to give the most suitable reaction rate, and was thus used as a 
standard in subsequent experiments. Furthermore, the activity values for 
0.5 ml of three other preparations, made at intervals of several months, are 
plotted in the same figure. At the enzyme concentration used (0.5 ml) the 
maximum deviation of the activity value (expressed as per cent niphegluc 
split) from the mean amounted to +7 per cent. Thus, the variability of Mi 460 
— as well as the other strains of Collybia velutipes — as enzyme producers 
seems to be a little higher than that of Polyporus annosus (Norkrans, 1957). 


Experiments and Results 


Influence of pH: optimum and stability. The ß-glucosidase activity of four 
strains of Collybia velutipes was tested in a mixed citrate-phosphate-borate 
buffer (Teorell-Stenhagen, 1938) giving a pH range of the test medium from 
2.7 to about 7 for L7 and Mi 460, and from 4.0 to about 7 for Li and L11. As 
can be seen in Figure 2, the optimum range for all three L strains was be- 
tween about 4.5 and 6. However, for Mi 460 (Figure 3) the optimum pH range 
was somewhat lower namely between about 3.5 and 5 and is, thus, more 
like that of Polyporus annosus (Norkrans, 1957). Subsequent B-glucosidase 
tests were carried out in buffer solutions giving a pH of 4.6 for Mi 460, 5.0 
for Li and L7, and finally 5.6 for L11. 

An experiment, intended to study the stability of an enzyme preparation 
of Mi 460 at various hydrogen concentrations, did not show any decrease 
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Figure 3. ß-glucosidase activity of an enzyme 
preparation from strain Mi 460 (“G”, 15 
days) at various pH values in a citrate- 
phosphate-borate buffer. 4 


in $-glucosidase activity after a treatment for 14 hours within a pH range 
of about 3 to 6.5. However, there was a marked inactivation at pH 7 and 
a complete one at pH 2 and 8. 

A comparison of the pH-optima for ß-glucosidase activity with those for 
cellulolytic activity in enzyme preparations of the above mentioned strains 
of Collybia, except L7 (Figure 4) indicates a certain broading of the opti- 
mum zones for the cellulolytic activity as could be expected from the results 
obtained with the agar-plate diffusion technique (Aschan and Norkrans, 
1953). 

The production of B-glucoside- and cellulose-splitting enzymes by mycelia 
of varying age. The variation in extracellular B-glucosidase activities with 
mycelial age in enzyme preparations from cellulose cultures of some dif- 
ferent strains was determined. The data obtained are given in Figure 5. It 
is seen, that preparations from the L7 strain, obtained after an incubation 
time of 10 days, already reached nearly maximum ß-glucosidase activity, 
representing a hydrolysis rate for niphegluc of 478 : 10”? umoles per minute 
per ml enzyme in the niphegluc test. The ß-glucosidase activity remained at 
the maximum level until the 18 day preparation, thereafter a decrease in 
activity was observed which was surely due to the setting in of a slight auto- 
lysis. The 35 day preparation, however, still gave a hydrolysis rate of 254 10° 


umoles per minute per ml enzyme. 
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Figure 4. Cellulolytic activity of enzyme preparations from L1 (18 days), L11 (12 days), 
and Mi 460 (18 days) at various pH values. 


The L1 and L11 strains on the other hand, did not show maximum ß-glu- 
cosidase activity until after an incubation period of 22 and 20 days, respec- 
tively, when L1 and L11 showed hydrolysis rates as high as 770 and 584 : 107? 
umoles per minute per ml enzyme, respectively. However, the L1 mycelia 
seems to be rapidly autolysed resulting in a very marked fall in B-glucosidase 
activity and gave a hydrolysis rate of only 118 : 10 umoles in the 24 day- 
preparation. Unfortunately, no L11 preparations of mycelia older than 20 
days have been tested. However, there are reasons for assuming the same 
rapid course of autolysis and the corresponding decrease in f-glucosidase 
activity as in the strain Li. 

The course of ß-glucosidase activity and autolysis is very similar for 
Mi 460 and L7. The observations about the rapid autolysis of L1 and pre- 
sumably, L11, are in contrast to those on L7 and Mi 460. This is in keeping 
with determinations of the content of mycelial phosphorous and total-nitro- 
gen by Dr. Karin Aschan-Aberg (personal communication). Data from tests 
of two Mi 460 preparations (no. 151 and 180) are given in Figure 6; one 
preparation (no 180) was also tested for intracellular activity. The total- 
nitrogen contents of the intracellular preparations amounted only to about 
one fifth of the extracellular ones, which made 5—600 ug N per ml. It is 
noticeable that the maximum extracellular ß-glucosidase activity of Mi 460 
was only about a half or a third as great as that of the different L-strains, 
giving a hydrolysis rate of 230 and 208 .10-% umoles per minute per ml 
enzyme for the preparations no. 151 and 180, respectively. 

Figure 6 also gives the cellulase activity in preparations from Mi 460 cul- 
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Figure 5. The ß-glucosidase activity in preparations from cellulose culture solutions of 
varying age (in days) for three different L-strains. 


tures of different age. No intracellular cellulase activity has been observed 
in preparations from mycelial extracts (for details of the extraction-method, 
see Norkrans, 1957) except in the 15 day preparation which gave a very 
weak attack on the cellulose sol. The extracellular activity, however, was 
very strong, the maximum Z-value amounting to 830. As a matter of fact, 
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Figure 6. The cellulolytic activity (as Z-values) and B-glucosidase activity (as per cent 

niphegluc split) in preparations from strain Mi 460 no 180 from cellulose cultures of dif- 

ferent age (in days). The symbols (90—0) and (®——®) represent respectively extracel- 

lular and intracellular activity, determined after incubation periods of varying duration (in 

minutes). The per cent niphegluc split by preparation no. 151 (extracellular activity) is 
given for comparison. 
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Figure 7. The cellulolytic activity (as Z-values) in preparations from cellulose cultures of 
eight different strains. 


of all eight strains tested, Mi 460 was by far the most active as regard cellu- 
lase activity (see Figure 7). This could be expected on the basis of results 
obtained by different test-methods with Mi 460 preparations (Norkrans and 
Ränby, 1956) or by the agar diffusion technique for cellulase activity using 
growth-stopped mycelia from different strains of Collybia velutipes (Aschan 
and Norkrans, 1953). However, the high cellulase activity of Mi 460 is still 
more noteworthy, since it showed the lowest hydrolysis rate for the ß-glu- 
cosides. On the other hand strain Li, which gave the strongest activity 
against B-niphegluc showed relatively weak activity against the cellulose 
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Table 1. A comparison of the values of maximum extracellular activities obtained for 
B-glucoside- and cellulose-splitting enzymes of different strains. 


8-glucosidase-tests Cellulase-test 

Test- = 7 = 
strains |Age of mycelium | #Mmoles : 10—° split per ml enzyme/min. Age of mycelium 

in days niphegluc | salicin | cellobiose Er Cn ge 
fa 22 770 |. —1 i 20 280 
17 18 478 | 400 129 22 400 
L 11 20 584 | 353 158 12 SE | 
Mi 460 19 230 | 102 502 15 830 


1 Not tested. 
2. Approximately. 


sol (see Figure 7). These facts seem to indicate that these two activities do 
not derive from the same enzyme in the preparations. 

However, it could probably be objected that natural glucosides may be- 
have differently from the artificial ß-niphegluc. Thus, the preparations which 
had given maximum hydrolysis rate for ß-niphegluc were tested again for 
B-glucosidase activity with salicin and cellobiose as substrates. All the tests 
were run at pH 4.7. The results are given in Table 1. It can be seen that the 
rate of hydrolysis for the two natural B-glucosides was of the same magni- 
tude as for ß-niphegluc. Furthermore, the activity values for the different 
strains were approximately in the same proportions as in the niphegluc test. 
However, in all tests the hydrolysis rate for ß-niphegluc turned out to be 
somewhat higher than for salicin and cellobiose. The niphegluc test states 
the amount of aglucon split off, the two other tests, however, the glucon 
part. Since the ß-glucosidases have been shown to act in transferase reac- 
tions giving a number of glucose oligosaccharides (cf. Crook and Stone, 
1957), the lower value in the salicin and cellobiose test might depend upon 
that fact. 


The heat stability of the B-niphegluc and cellulose-splitting activity 


In an attempt to find further data supporting the idea of two separate 
extracellular enzymes breaking ß-glucosidice linkages the heat stability of 
the enzyme preparations was tested. Portions of the same enzyme preparation 
were kept, if not otherwise stated, for 20 minutes, at temperatures ranging 
from 40° to 120°C and after centrifuging were tested in the usual manner 
at 30°C for activity against the cellulose sol and niphegluc. 

As seen in Figures 8 and 9 neither the cellulase nor the f-glucosidase 
activity was decreased to any appreciable extent by the 40° C treatment. 
However, after a 60°C treatment for 20 minutes, little or no B-glucosidase 
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activity was left in the preparations. At the same temperature, even a five 
minute treatment of the Mi 460-preparation reduced its B-glucosidase activity 
to 10 to 15 per cent of the original value. After an 80°C treatment the activity 
was completely eliminated from all preparations. 

As regards the cellulase activity a treatment at 60°C resulted in a decreased 
activity to give twenty to thirty per cent of that of the untreated preparation. 
In the case of L1, for instance, the untretaed preparations had a maximum 
Z value of 322, and the heat-treated preparation one of 77, whereas the cor- 
responding values for Mi 460 were 980 and 180, respectively. Treatments at 
80° or 100°C hardly caused any further reduction of the cellulase activity 
than that at 60°C. The L1 preparation, showed the same activity after an 
120°C heat-treatment as that after the 60°C treatment. On the other hand, 
after an 120°C treatment, the other preparations showed an activity which 
was fifty per cent less than the value after the 60°C treatment. 

Paper chromatograms for soluble breakdown products obtained from the 
cellulose sol after 24 hours incubation with untreated enzyme preparations 
were compared with those after an incubation with enzyme preparations 
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freed from ß-glucoside splitting activity by a treatment for five minutes at 
80°C, in the case of the Mi 460 preparation for 20 minutes at 60°C. The 
incubation with heat-treated preparations resulted in all cases in cellobiose 
and traces of glucose, whereas incubation with the untreated preparations 
resulted in glucose, small amounts of cellobiose, and generally two other 
substances in proportions varying with the different strains. These latter 
substances might be secodary products, since they are not detectable in 
paper chromatograms for preparations freed from $-glucosidase activity 
and since ß-glucosidase have been shown to act in transferase reactions 
giving a number of glucose oligosaccharides (cf. Crook and Stone, 1957). 


Discussion 


The experimental results presented above show that preparations from 
cellulose culture solutions of some different strains of Collybia velutipes 
split the cellulose sol, ß-niphegluc, as well as cellobiose and salicin. For 
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different reasons, however, it seems necessary to assume at least two different 
extracellular enzymes involved in the reactions. Thus, one and the same strain 
did not show the highest B-glucosidase activity as well as the highest cellu- 
lose splitting activity. As shown in Table 1 an Li preparation split 770 10? 
umoles niphegluc but gave a Z value of only 280, whereas a Mi 460 prepara- 
tion gave a niphegluc-split-value af 230 - 10”? and a Z-value as high as 830. 
Furthermore, mycelia of one and the same strain reached maximum value 
for the two different activities at different ages, e.g. 12 day old mycelia of 
Lil gave maximum Z value, on the other hand, 20 day old mycelia gave 
maximum value for niphegluc split (cf. Figures 5 and 7). Finally, a 60°C 
treatment eliminated all ß-glucosidase activity from all the preparations, 
althoug a certain cellulose splitting activity was revealed in all the prepara- 
tions even after treatment at 100°C. 

The heat-stability of cellulase preparations from Helix pomatia was early 
noted by Ziese (1931). Similar observations have been made for preparations 
from Tricholoma (Norkrans, 1950) and from Myrothecium verrucaria (Kooi- 
mann et al. 1953). On the basis of the results in heat-treatment-experiments 
Kooimann et al. (l.c. above) ascribe the solubilizing of cellulose to glucose to 
two extracellular enzymes, a heat-stable cellulase giving cellobiose and 
glucose, as well as a less heat-stable cellobiase, which hydrolyzes the cello- 
biose to glucose. The results obtained from Polyporus annosus-preparations 
(Norkrans, 1957) seem to be similar to those of Koimann et al., and like 
those of the present investigation indicate an extracellular ß-glucosidase 
besides the heat-stable cellulose-splitting principle. 

However, in the case of Polyporus annosus, the cellulose-splitting activity 
successively decreased with the increase in temperature of the heat-treat- 
ments whereas as regards the Collybia preparations a treatment of 60°, 80°, 
or 100°C seems to reduce the cellulose-splitting activity to about the same 
level. — The 120°C treatment certainly further reduced the activity, but since 
the temperature here was obtained by autoclaving, this result might have 
been caused by the high pressure and consequently will not be further dis- 
cussed. — The above mentioned facts might suggest the idea of two separate 
cellulose-splitting components in the Collybia preparations. Even if one of 
these components also should have ß-glucoside-splitting properties similar to 
Whitaker’s cellulase, a separate extracellular ß-glucosidase still may be 
assumed to be present in addition to the cellulase components. For the Li 
preparation the high ß-glucosidase value in relation to the low Z-value (cf. 
Table 1) can hardly be explained otherwise. 
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Summary 


1. Enzyme preparations from pure cultures of different strains of Col- 
lybia velutipes were tested turbidimetrically for activity against cellulose 
sol, and spectrophotometrically for ß-glucosidase activity generally with 
p-nitrophenyl-ß-glucoside as a substrate. 

2. The extracellular enzyme activities, produced by mycelia of varying 
age in cellulose cultures, were followed by the above mentioned methods. 

3. A comparison between the activities of corresponding preparations from 
culture solutions and mycelial extracts, called extracellular and intracellular 
activity, respectively, indicate the former to be predominant. 

4. In some cases the ß-glucosidase activity was also tested with the natural 
B-glucosides, salicin and cellobiose as substrates. In all tests the hydrolysis 
rate for B-niphegluc turned out to be somewhat higher than for salicin and 
cellobiose, but still of the same magnitude. 

5. The results obtained indicate that at least two extracellular enzymes 
are involved in the breakdown of cellulose to glucose by different strains of 
Collybia velutipes. 

6. The ß-glucoside-splitting activity was practically eliminated by a heat- 
treatment at 60°C, whereas the cellulose-splitting activity partly resisted 
even a 100°C treatment. 

This investigation has been aided by a grant from the Swedish Natural Science 
Research Council. The author gratefully acknowledges the skilful technical assistance 
of Mrs Brita Nyman. 
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Introduction 


During recent years there has been some discussion on the relative im- 
portance of active and passive processes for ion uptake and transport in 
plants. In the generally accepted terminology, “passive” stands for the purely 
physical pathways, which conceivably play a part in the overall course of 
events in addition to the metabolically determined, “active” ones. A general 
picture of the co-ordination of these processes can be derived, for instance, 
from the investigations of Hylm6 (1953) on intact pea plants and of Epstein 
(1955 b) on excised barley roots: 

A) Passive equilibration through diffusion between the nutrient solution : 
and the apparent free space (AFS) or outer space of the roots, consisting of 
cell walls and perhaps parts of the cytoplasm (Hope and Stevens 1952, Butler 
1953 a, Hylmö 1953, Epstein 1955 b, Broyer 1956). Depending upon the ion 
species adsorption sites may be more or less important within the AFS. 

B) Active uptake into the root cells: accumulation. 

C) An actively initiated transport of salts and water from root to shoot: 
“bleeding stream”. 

D) A passive uptake and transport of salts to the shoot through mass flow 
mediated by the transpiration stream (Hylm6 1953). 

E) Transport and uptake within the shoot according to points (A) and (B). 

The idea of passive processes playing a part during transport to the shoots 
has been opposed, for instance by Russel and Martin (1953) and by Arisz 
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(1956). Arisz emphasizes that ion transport from root to shoot is brought 
about by activities of the root symplasm, although he does not altogether 
deny the possible significance of the transpiration stream in this respect. 
Much of the discussion has, however, suffered from a lack of appropriate 
experimental data, and the present authors have, therefore, undertaken a 
series of investigations on the uptake and transport of sulphate in intact 
wheat plants. By suitable planning of the experimental conditions we have 
been able to distinguish clearly between points (A), (B), (C), and (D) above, 
and to measure their relative importance at different concentrations of sul- 
phate in the nutrient solution. 

In a lecture in Oslo, Kylin (1955) presented a series of experiments on the 
uptake of sulphate into excised roots and intact plants of wheat. At the 
same time similar work on excised roots of barley was presented by Epstein 
(1955 a and b) and Leggett and Epstein (1956). The general conclusions that 
can be drawn from these independent experiments are very much the same; 
the detailed behaviour of the plant species used was so different, however, 
that it has been judged necessary to publish also the Oslo material, which 
constitutes the foundation for the planning of the main experiments of this 
paper. 

In the present paper we do not intend to give a complete review of the 
current literature, but the reader is referred to the comprehensive articles 
by Burström (1954), Hylmö (1955), Broyer (1956), Epstein (1956)) and 
Kramer (1956). 


Materials and Methods 


This paragraph contains a description of features of general interest to all the 
series. Special conditions and techniques will be accounted for in connection with 
the experiments. 

Wheat of Weibull’s “Eroica” variety was used throughout the investigations. The 
seeds were germinated by soaking in tap water overnight and then spread out on 
a cloth stretched over a shallow dish containing water (cf. Butler 1953 b). Moist 
filter paper dipping into the water was used to cover them, and the dishes were put 
into a dark room at 22°C for 3 days. 

After this period the seedlings were placed in the following standard nutrient 
solution in the preliminary series: 1 mM-Ca(NO,),; 1 mM-KH,PO,; 1 mM-KCl; 
0.5 mM-MgSO,; 0.01 mM-Fe-citrate; 0.1 uM-MnSO,; 0.1 uM-H,BO,. In the main 
series also 0.5 mM-Na,HPO, was added, so as to give a fairly constant pH of about 
6.5 during the culture period. The distilled water had been freed from heavy metal 
contamination by passing through an ion exchange filter. Continuous aeration of 
the solution was arranged, and water losses were made up for every day; every 
third day a total renewal took place. The temperature was kept at 21°+1°C, and 
light given as specified in each case. 

The essence of the experimental procedure has been to put the plants in solu- 
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tions with the magnesium sulphate varied in the concentrations 0.05, 0.5 and 5 mM. 
The other salts have been present in the same amounts as in the ordinary nutrient 
of the series. The volumes were chosen large enough to ensure no important 
changes of concentration during the experiment, and tagging was performed by 
adding a suitable amount of carrier-free radiosulphate as delivered by the Radio- 
chemical Centre, Amersham. Sometimes a period in suitable inactive solution has 
then been inserted, but in all cases the fresh weights of the plant parts included in 
the experiment have finally been determined, and their total contents of radio- 
activity analyzed. The transpiration and water uptake measurements of the main 
series have been made by weighing. — The experimental points have regularly been 
determined in duplicate on different plant groups. 

Som control series were made during the preliminary experiments to check as 
far as possible the effect of varying the MgSO, concentration. To the 0.05 mM-MgSO, 
also 0.45 mM-MgCl, was added, so that the magnesium ion was still 0.5 mM; 
to the 5 mMseries the extra sulphate was added as 1.8 mM-CaSO,, 1.8 mM-K,SO,, 
and 0.9 mM-MgSO, to the ordinary solution, so that the relation between the total 
cation concentrations remained unchanged. No principal differences could be ob- 
served between these series and the ordinary ones, and they will all be treated 
together. 

The total sulphur determinations were made according to methods described 
earlier (Kylin 1953). They involve combustion by a wet oxidation method and 
subsequent precipitation of the radioactivity as BaSO, under such conditions as to 
make G.-M. counting possible on samples of standard area and weight. By means 
of reference to the experimental solutions comparisons can be made between dif- 
ferent series. It should be noted, that isotope separation effects have been regarded 
as insignificant (Kylin 1953; Sheppard et al. 1954, Sheppard and Bourns 1954). 


What is measured by the present sulphur determinations? 


In order to avoid confusion as to the exact meaning of the results, it is important 
to keep in mind the following relationships, which are pertinent to any separate 
phase containing the substance X, also found in the external phase: 


Total uptake of X—total loss of X=net increase of X (1). 


Such a net increase is measured by classical analytical methods. By the use of 
isotopes as in the present investigation one measures instead the net uptake according 
to formula (2): 

Total uptake of radioactive X—loss of radioactive X=net uptake of X from the 
external supply (2): 
The loss of radioactive substance will as a first approximation depend upon the 
relationship (3), which also makes clear the fundamental difference between equa- 
tion (1) and (2). 


Amount of radioactive X within the phase 
Total amount of X within the phase 


X total loss of X=loss of radioactive X 
(3). 


As shown by the preliminary series of the experimental part, we have been able 
to chose our conditions so as to avoid serious losses of radiosulphate according to 
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equations (2) and (3), although we have reasons to suspect, at least in one case, 
losses according to equation (1). This means that uptake and transport from the 
nutrient can be “isolated” and measured without disturbing influences from move- 
ments of inactive material within the plant. — It is at the same time evident that 
the radioactive sulphur cannot be regarded as consisting solely of sulphate at the 
time of analysis — “substance X” may have been transformed during metabolism — 
which in the present case is the reason for the approximate nature of formula (3). 
For wheat plants under the present conditions it can be calculated that the different 
parts contain 20 to 25 per cent of the total sulphur taken up from a 0.5 mM-magne- 
sium sulphate solution in organic form (Kylin 1953 and unpublished evidence). As 
pointed out by Legget and Epstein (1956) this is, however, of no importance for 
uptake measurements; as for transport Tolbert and Wiebe (1955) state that the 
bleeding sap contains sulphate as the only tagged substance, when the roots of 
several species are allowed to absorb the radioactive compound. 


Experiments 


1) Preliminary Experiments on Excised Roots 


In order to obtain plant material suitable for these series, the seedlings were left 
on the germination trays, the water of which was just exchanged for nutrient solu- 
tion at the time indicated above. Light was then given for 16 hours a day at an 
intensity of approximately 9000 lux from incandescent bulbs with a heat-absorbing 
layer of streaming water. After 3 days portions of 25—30 plants were taken, the roots 
locsely made up into a bundle by means of a nylon string and excised about one 
cm. below the endosperms. Handling the bundles by the string, they are easily trans- 
ferred between different solutions with as short experimental times as 1 minute, 
stirring being ensured by gently moving them up and down. The volumes of the 
experimental solutions were 100 ml, and continuous aeration was arranged. Between 


each transfer the roots were gently wiped off by tissue paper, and before the final 
weighing more firmly against filter paper. 


The results obtained are illustrated in figures 1 and 2, giving typical 
examples of the various kinds of experiments performed. Since the labelling 
was made in such a way that a certain amount of the free solution will always 
contain the same number of impulses independent of the sulphate concentra- 
tion (Butler 1953 a, table 4), it is at once evident that over the concentration 
range investigated, the first rapid phase of uptake corresponds to a 
constant volume. This quantity is analogous to the apparent free space or 
outer space described by others (Hope and Stevens 1952, Butler 1953 a, 
Hylmö 1953, Epstein 1955 b) ; its mean value in our total material of isolated 
roots is 18.0+2.1 per cent of the total root volume. No increase due to 
special adsorption sites for sulphate can be detected, not even at 0.05 mM. 
The scarcity of such sites is further stressed by the fact that the sulphate 
contained within the AFS can be quantitatively washed out again in several 
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Figure 1. Concentration and temperature effects on the time course of the uptake of 
labelled sulphate into excised wheat roots. Experimental points from absorption times of 
15 minutes and upwards fitted by solid lines, and the curves extrapolated to zero time by 
dashed lines. Some results from 1 minute periods are also shown, but left isolated for 
the sake of convenience. — Counts/g. as measured during 15 minutes on a scale of 64. 
1.00 ml solution=667 counts. 
Figure 2. Uptake and loss of labelled sulphate by excised wheat roots ...... roots taken 
through three changes of inactive solution. - - - - - extrapolations. — Counts/g. as measured 
during 15 minutes on a scale of 64. 1.00 ml solution=667 counuts. 


ways: the same results as are shown in figure 2 for nutrient mixtures have 
been obtained by leaching the roots in distilled water or in a solution of only 
chlorides, nitrates or unlabelled sulphates. 

Concomitant with the AFS uptake, and continuing at a fairly constant rate 
during the experimental time, there is a slower process, which shows de- 
pendence upon sulphate concentration and temperature, and which should 
correspond to the metabolic uptake of the protoplasts. For the purposes of 
the present investigation it should be noted that an equilibration time of 30 
minutes is more than enough to differentiate between the two reactions; as 
a matter of fact the passive uptake is finished already after 15 minutes, two 
thirds of the process being completed in as short a time as 1 minute. Butler 
(1953 a), working with radiophosphate and wheat roots, reported 30 minutes 
and Epstein (1955 b) got an equilibration period of 1 hour from sulphate 
measurements on barley roots. — In roots of Vicia faba, Hope and Stevens 
(1952, fig. 3) report equilibration of the AFS within 10 minutes. 
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Figure 3. Uptake and loss of labelled sulphate by different parts of intact wheat plants. 
0.5 mM-MgSO, (standard nutrient solution). 


ace extrapolation; MU] free transpiration; © © transpiration checked. Filled sym- 
bols=radioactive solution; empty symbols=no radioactivity. 


All plants received radioactivity at zero time. Starting at I the plants transferred from 
the radioactive solution were passed through three changes of inactive medium, altogether 
for 30 minutes, and then put on the final inactive solution. At G a number of parallels had 
their transpiration checked. — Counts/30 mean plants as measured during 15 minutes 
on a scale of 64. 1.00 umol=1333 counts. Fresh weights: Roots 1.87 g; shoots 2.31 g; 
endosperms 1.42 g. 


2) Preliminary Experiments on Whole Plants 

After the germination period the seedlings were planted in lots of 15 on plastic 
(Bonoplex) holders. The nutrient solution was contained in 1 1. “Jena Rasotherm” 
beakers and 4 holders placed in each beaker; light was given for 16 hours a day at 
about 2100 lux from white fluorescent lamps. After 3 days in nutrient solution the 
experiments proper were performed. An air stream of about 2 m/sec. was blown 
over the freely transpiring parallels, whereas the beakers with non-transpiring plants 
were placed on a free water surface and covered with bell jars dressed on the inside 
with moist filter paper. Two holders were used for each single determination. — 
In order to make it possible to compare different plant parts and different experi- 
ments with each other, the results have been standardized to “30 mean plants”. 
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Table 1. Dependence of extrapolated AFS value of intact wheat roots upon fime of measure- 
ment at different concentrations of external sulphate. Uptake measured over time interval 
indicated, and extrapolated back to zero time to give the AFS (cf figures 1—3). 


mM-MgSO, Time interval of measurements (minutes) | AFS as extrapolated, % 

= 30 — 183 37 

0.05 30 — 336 47 

35 — 186 38 

pe 35 — 318 48 

35 — 145 27 

De 35 — 300 27 

30 — 169 25 

0.5 | 30 — 300 27 


Figure 3 shows an example of the results and table 1 summarizes some of 
the values of the AFS of intact roots, obtained by extrapolating to zero time 
(cf. figures 1 and 2). The following points be noted for the purposes of the 
present treatment (cf. the theoretical discussion, page 469, on the significance 
of our measurements) : 

a) After the initial period of equilibration between the medium and the 
outer space of the roots, the net sulphur uptake by different plant parts is a 
linear function of time over the period measured, with the exception men- 
tioned in point (c). 

b) The initial equilibration is complete aiready after 30 minutes, the 
shortest experimental time used. 

c) As shown by table 1 the AFS as measured on the roots of intact plants 
at 0.05 mM is definitely higher than at higher concentrations. The table 
shows also, however, that the increase depends upon how the extrapolation 
is made. Since equilibration of the AFS is complete in less than 30 minutes, 
the apparent variations must be due to a measurable decrease of the rate of 
net uptake of radioactivity during the metabolic phase, a decrease which 
may conceivably depend upon a comparatively big leakage from the proto- 
plasts, when the plants are moved from the 0.5 mM-MgSO, of the pretreat- 
ment to the 0.05 mM of the experiment (equations (1), (2), and (3); cf. also 
Russell and Martin, 1953). The statement under a) is thus not strictly applic- 
able in ihis special case, and an error will be incurred if a linear relationship 
between time and net metabolic uptake of sulphate into the roots is assumed 
over long periods. In experiments of the type to be described, such an error 
will be of the order of 5 to 10 per cent (cf the values presented in table 3), 
and does not seem to warrant special short-time measurements. 

d) As stated earlier (equation 2), our methods measure net uptake and 
transport from the radioactive nutrient to the different plant parts. Transport 
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Table 2. General design of the experiments of the main series. The setup was used with 

plants, which had been germinated for 3 days and then allowed 3, 6, or 9 days in nutrient 

solution before the start of the experiment. During the first time interval uptake in the 

AFS of the roots is completed, and possible initial irregularities of isotope transport 

equilibrated (figures 1—3). Transpiration measured over second time interval, during 
which uptake is a linear function of time (section 2 a—c). 


0 


Ti interval BUS 
nz mM-MgSO, | Transpiration 
0—t, t,—t, 

E Low 
os High 

Between 30 and 
50 minutes, ; & Low 
according to SAUER RES os High 
convenience 4 Taw 
2 High 


of tagged substances to shoots and endosperms stops immediately upon trans- 
ferring the plants to an inactive solution, both as regards transpiring and non- 
transpiring series (figure 3), although the roots still contain radiosulphur, 
at least 75 per cent of which is in the form of sulphate. It must thus be con- 
cluded that only a negligible part of the net transport found with: bleeding 
and transpiration passes through the common cell vacuoles (cf. Broyer 1950). 


3) Main Experiments 


The general setup, as planned on the basis of the preliminary experiments, is 
given in table 2. The plants were raised on Bonoplex holders as described for the 
whole plant series above, light being given continuously at about 9000 lux. During 
the experiments each holder was put in a test tube containing 200 ml of solution. 
Low transpiration was obtained by placing the plants in a dark thermostat with a 
constant relative humidity of 95 per cent and only as much air movement as neces- 
sary to keep the temperature even. The high transpiration parallels were kept in 
the light, and an air stream of 2.5 m/sec. was blown over them, the relative humidity 
amounting to about 50 per cent. Transpiration and water uptake were measured 
according to Hylmö (1953, table 1), the evaporation control tubes containing holders 
with rubber “plants”. For the youngest plants the individual determinations were 
made on 2 holders whereas in the other cases one holder proved sufficient. The 
values have been referred to “30 mean plants” as in section 2. 


The net sulphate uptake into the roots is shown by table 3. The quantities 
held within the outer space have been calculated by extrapolation to zero 
time, according to the method of figures 1 to 3. The AFS thus obtained has a 
definite trend towards increased values at high transpiration, and because 
of this it is given as two separate sets of figures throughout the calculations. 
The “active”, metabolic uptake, on the contrary, does not show any such 
differences, and the mean at each concentration has therefor= been calculated, 
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Table 3. Sulphate uptake to wheat roots. Passive component obtained by extrapolation 
to zero time according to figures 1—3, active component as measured over 5 hours (time 
interval t1—t>, table 2). Quotients between high and low values as indicated by brackets. 
— All values refer to “30 mean plants”. 
TN eee 


Days on Passive uptake Active uptake, mol 
nutrient pate 2 
solution x LE t at : AL ant | 
ach MgSO, ow transpiration High transpiration. Low | High None 
weight(g) AFS, % j.mol| Quotient AFS, % |umol| Quotient transp.|transp. 
0.05 | 27 0.019, 9.2 37 |0.026N gı | 0.135] 0.087|0.111\ » 
3/1.39 | 0.5 | 25 |0.1754 30 |0.210/{ 0.208 | 0.244 10.2264 ~ 
5 27 11.86 |y 10.6 28 1196 |f 93 | 0.48 | 0.77 |0.63 |; 28 | 
0.05 | 27 100351 85 34 10.044). 85 | 0.39 | 0.32 10.35 X 13 | 
6/2.61 | 0.5 23 /0.299/{ 29 10.3734 0.60 | 0.58 10.59 4 
5 24 [3.19 |g 10.7 26 13.45 |y 9-2 | 210 | 2.20 12.15 ly 3.6 
0.05 | 43 0.111. 65 48 [0.124 go | 0.38 | 0.30 |0.34 \ 9 
; “ 5 
9/5.14 | 0.5 | 28 0.72 |! 29 |0.74 { 0.87 | 0.80 | 0.84 { 
5 2900 7.5 } 10.4 2S Ha BE 8.8 rt 


the values referring to the uptake over 5 hours as obtained by the differences 
of total sulphur at times t, and ty. 

The table contains also the quotients between uptakes at different con- 
centrations, and these figures show at once the different character of the 
two processes concerned. The “passive” uptake is distinguished by a quotient 
value of about 10, which gives evidence of a direct proportionality between 
sulphate concentration and uptake. This corresponds closely to a first order 
reaction and means that metabolic and adsorption phenomena play a fairly 
unimportant role as compared with simple diffusion and mass flow. On the 
other hand, the quotient for the “active” process is of the order of 2 or 3, 
which fits an adsorption isotherm determined approximately by the square 
root of the concentration. This should mean that the rate of the metabolic 
uptake in this case is determined by adsorption to a system, which may be 
analogous with the “carriers” of Epstein (1955b). 

Incidentally, the main differences observed among the outer space values 
are found at a sulphate concentration of 0.05 mM, as was already noted 
above. Excluding these figures for the moment, the AFS of the roots of intact 
plants is equivalent to 27.5 42.3 per cent of the total root volume, if the mean 
of all preliminary and main series at 0.5 and 5 mM is calculated. This is 
definitely higher than the corresponding value for isolated roots, although 
the general character of the outer space is seemingly not altered by the 
excision (figure 1). 

The left side of table 4 shows the values for transport to shoots and endo- 
sperms by the “bleeding stream” during 5 hours. They have been obtained 
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Table 4. Net translocation of sulphur from medium to the aerial parts of wheat plants. 

All values refer to “30 mean plants” and are given as measured over 5 hours (time inter- 

val ty—to, table 2). Quotients between high and low values as indicated by brackets. The 

influx coefficient gives the concentration of the “true transpiration stream” as a fraction 

of the concentration of the medium (Hylmö 1953, 1955). Fresh weights: 3 days—shoots 

2.05 g, endosperms 1.49 g; 6 days—shoots 4.44 g, endosperms 1.04 g; 9 days—shoots 6.71 g, 
endosperms 0.71 g. 


A) Values at low |  B) Increases over A), induced at high 
|Davs on Tr. transpiration transpiration 
ys US re ne 
nutrient |. 6c Wat Water |. umol 
ion | MgSO anes 0) Sulph | Sulphur| FC Influx 
solution * movement) > POUT Quotient) movement ~ “I S/g. | Quotient og 
| (g) (mol) | (g) (pmol) | Vater coefficient 
te TEE Ts Bu I Eee ng 
0.05 0:54 | 0.289 i 1.5 1.0 — 2); — — 
3 0.5 0.48 044 fo. 2.1 0.31 el an 0.29 
5 0.55 1.16 |y 2-6 1.5 21207240 0.41 
0.05 | 0.68 | 0.343 N oy | 36 = 21 3 = 
6 0.5 0.74 0.71 | 3.8 0.41 | 0.11 i 0.21 
5 0.66 2.03 |p 29 4.3 2.76 | 0.64 0.13 
0.05 0.85 0.335 À 953 7.0 - — | — _ 
9 0.5 1.42 0.84 |! 4.1 0.60 0.15 | : 0.29 
5 0.90 2.6 y 31 5.3 5.6 1a) 0.21 


from the differences between the “low transpiration” plants harvested at 
times t, and t,, and must, of course, be regarded only a approximations 
of the true values, since it is impossible to exclude cuticular transpiration 
altogether. Nevertheless the quotients between transports at different con- 
centrations are of the same order of magnitude as found for the metabolic 
uptake into root cells. This indicates that sulphate mediates a bleeding of 
its own, and is not simply taken up passively as a consequence of the big 
water transport caused for instance by chloride and nitrate ions (Lunde- 
gardh 1943, Arisz et al. 1951). 

Corresponding figures for transport by the transpiration stream can be 
calculated from the differences between “high” and “low” transpiration 
series, and these results are presented in the right half of table 4. At the 
lowest concentration of the external solution no significant increase of sul- 
phur transport was obtained by the increased water flow. At higher con- 
centrations, however, considerable amounts of sulphur are carried by the 
transpiration water; furthermore, the quotient column gives evidence of the 
approximately direct proportionality between these amounts and the con- 
tents of the nutrient. A predominance of passive movement through diffusion 
and mass flow processes is thus indicated for this fraction. At the same time 
one must postulate some sort of sieve mechanism, since the influx coefficients 
indicate much lower contents of sulphur in the transpiration stream than in 
a corresponding amount of nutrient solution. 
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Discussion 


The main result of the present investigation seems to be the clear demon- 
stration of two different mechanisms within the complexes regulating sul- 
phate uptake and translocation, not only into the roots but also into the 
aerial parts. For physiological purposes they can be interpreted as “passive” 
and “active” phenomena, respectively, the rates being determined by diffu- 
sion and mass flow in the former case and by adsorption to a metabolic 
carrier system in the latter. From a physicochemical point of view this inter- 
pretation gains support by the fact that the “passive” mechanisms are best 
fitted by the first order reaction scheme, whereas the “active” sets follow 
an adsorption isotherm. 


As for uptake in a tissue in direct contact with the external solution, the 
picture assumed has been well established by a number of investigations. 
covering both roots, storage tissues and coleoptiles, and mineral ions as well 
as amino acids and plant growth substances (Hope and Stevens 1952, Butler 
1953 a, Hylmö 1953, Sutcliffe 1954, Epstein 1955 b, Birt and Hird 1956, 
Johnson and Bonner 1956, Leggett and Epstein 1956). They show the pre- 
sence of an “apparent free space” or “outer space”, where uptake is regulated 
by purely physical phenomena, and an “inner space”, in which uptake is 
mediated by metabolic carrier systems. It should be noted that the former 
type of processes can be expected to correspond to a first order reaction as 
found by us, only if ion movements are chiefly brought about by diffusion, 
mass flow of solution and similar events; whenever adsorption enters the 
picture to a considerable extent — for instance with cations — more com- 
plicated schemes will have to be used also for “passive’ ‘uptake. — In Val- 
lisneria leaves, however, Arisz and Sol (1956) could not find any free space. 

Our results further show that sulphur uptake and translocation to the 
aerial parts — that is to tissues not directly in contact with the nutrient solu- 
tion — are also determined by both “active” and “passive” mechanisms. 
The “active” process is equal to the metabolically initiated bleeding stream, 
which thus contains also a sulphate component, although the main sap move- 
ment may be due to chloride and nitrate effects (Lundegardh 1943, Arisz 
et al. 1951); it can be isolated by preventing the water losses of the plants 
(table 4, left). The carrier system of sulphate in bleeding corresponds fairly 
well to the one of metabolic uptake into root vacuoles, since the rates in both 
cases seem to be dependent upon the same adsorption isotherm. 

As noted in the introduction, the existence and relative importance of a 
“passive” component in translocation to the shoots has been a controversial 
matter (Butler 1953 a, Hylmo 1953, 1955, Russell and Martin 1953, Brouwer 
1954, Broyer 1956, Epstein 1956, Arisz 1956). Hylmö (1953) interpreted his 
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results with peas as showing the presence of such a mechanism. On the other 
hand, Butler (1953 a), also working in this laboratory, arrived at the con- 
clusion that there is certainly a parallelism between chloride transport and 
water translocation also in wheat, but that ion movement is none the less 
completely determined by metabolism in this species; during his experiments 
Butler did not, however, measure the actual transpiration of the plants. The 
results on sulphate transport in wheat and its dependence upon water pas- 
sage, which we are able to present here (table 4, right), not only show parallel 
movements of ions and water, but give also clear evidence on the different 
characters of metabolic translocation through bleeding and transport in- 
crease to freely transpiring shoots and endosperms. In the latter process the 
amounts of sulphur moved with each ml. of water given off are approxi- 
mately directly proportional to the external concentration, a fact which tallies 
best with the hypothesis of a “passive” mechanism essentially determined 
by diffusion and mass flow of solution (cf. Hylmö 1953, 1955). — According 
to the preliminary experiments (figure 3), most of the transport mediated 
by these two mechanisms has not passed ihe common root vacuoles but only 
the walls and cytoplasmatic layers of the cells (cf. Broyer 1950 and Arisz 
1956). 

Since the “passive” and “active” mechanisms show different relationships 
to the external concentration of sulphate, their relative importance for total 
uptake and translocation will depend upon the nutrient medium in cases 
where both reaction types may come into action. At low concentrations the 
amounts taken up by metabolic processes will exceed those involved in phy- 
sical uptake, whereas sufficiently high sulphate contents of the solution have 
the reverse effect. From a technical point of view this means that it will not be 
possible without special precautions to distinguish between “passive” and 
“active” events except in a limited interval of concentrations. In some cases 
it may even be unfeasible to make such a discernment, as exemplified by the 
seeming lack of significant passive transport to the aerial parts from 0.05 mM- 
magnesium sulphate (table 4), as well as by similar results of van den Honert 
et al. (1955); the quantitative predominance of salt translocation by the 
bleeding stream makes it impossible to determine satisfactorily the transpira- 
tion component, which under these conditions results only in a small dif- 
ference between two big numbers. Such technical difficulties may, of course, 
have caused some of the differences of opinion referred to above. Some 


results on potassium transport recently published by Broyer (1956) should 
also be noted here. 


In this connection it should be emphasized that the figures on the right half of 
table 4 are obtained from double differences, using the assumption that the output 
of the bleeding stream — or rather of the non-first order reactions — is not altered 
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by high transpiration values. The compound error, which is thus involved in each 
of the quotients, can probably explain most of the + and — deviations from the 
value of 10 to be expected from an ideal direct relationship. Such an error may, 
however, also mask slight deviations from the above assumption; it is hoped that 


one of us (Hylmö) will soon be able to produce more evidence pertaining to these 
questions. 


As shown by the influx coefficients of table 4, “passive” uptake and trans- 
port does not consist of a mere mass flow of external solution through the 
roots and into the vessels. On the average the transpiration stream can be 
regarded as composed of 25 per cent unchanged nutrient solution and 75 
per cent pure water, which has in one way or another lost its original con- 
tents of sulphate during passage through the root. The “sieve effect” of the 
root is, however, not exerted by “active” uptake into the cells, since the low 
and high transpiration series do not show any corresponding differences 
(table 3 right). This is contrary to the opinions of Russell and Martin (1953), 
who regard the entire root effect in phosphate movement as due to meta- 
bolic processes, and specially emphasize release to the solution of ions already 
taken up (cf. our experimental section, 2 c). Their failure to discern the pas- 
sive component may thus be due to their working in ranges where losses 
according to eq. (3) can be expected to exert a great influence on the results. 

We are then able to present three facts, which must be explained by any 
hypothesis dealing with sulphur transport to shoots and endosperms by the 
transpiration stream: 

a) It is a “passive” non-metabolic process, fundamentally differing from 
bleeding both as regards water and ion transport. 

b) The root acts as a “sieve” during the passage of the nutrient solution 
moved by transpiration. 

c) This “sieve effect” is not due to active uptake by the root cells. 

From a physiological point of view several hypotheses covering these 
points can be offered, although the experimental material presented here 
does not allow a direct estimation of their respective merits. It may, for 
instance, be imagined that both ions and water pass freely through the cell 
walls whereas, without metabolic contributions, the protoplasts allow only 
the water to permeate (Hylmö 1953); or sulphate is delivered into the vessels 
only by metabolic processes, at the same time as transpiration also moves 
a small but relatively unchanged portion of the nutrient solution through 
the cell walls outside the stele (Hylmö 1953, p. 387); or the dilution of the 
vessel sap due to water uptake by transpiration allows a generally increased 
passive permeation of ions directly through the plasma membranes. Investi- 
gations throwing some light on these questions will be published elsewhere 
(Hylmö). 
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In our measurements we have not separated the water losses of the shoots 
from those of the seeds, although the amounts of sulphur taken up have 
been determined separately. By using the method of Hylmö (1953) — extra- 
polating ion translocation to zero water transport in order to obtain a better 
measurement of the true metabolic uptake connected with bleeding — an 
idea can still be obtained of the relative significance of these organs for 
iranslocation (figure 4). The seeds are of course most important during the 
early stages of development. It is interesting to note, that they seem to con- 
tribute only to “passive” uptake — in fact, in the youngest plants, where the 
first leaf has not yet reached its full development, most of the transpiration 
increase of ion transport is apparently due to the seeds. The metabolic 
uptake affects only the shoots, since the extrapolated curve parts meet on the 
ordinate. The apparent lack of “active” transport to the seeds is in accordance 
with anatomical evidence, which shows that vessel supply in this direction 
ends in the scutellum (Hayward 1938). 

Before finishing the discussion, we should like to draw attention to some 
peculiarities shown by the roots. For insolated wheat roots at 2° and 20°C 
we have consistently found an AFS value of 18.0 +2.1 per cent, showing no 
dependence upon the external sulphate concentration over the range 0.05— 
5 mM (figures 1 and 2). Similar results have been reported by Butler (per- 
sonal communications). With intact roots, on the other hand, we find a) an 
outer space of 27.5+2.3 per cent at 0.5 and 5 mM — probably a little higher 
in high transpiration plants and a little lower when water losses are pre- 
vented — and b) at 0.05 mM a further, although time-dependent, increase 
over this value (tables 1 and 3). 

For isolated roots of barley at 30°C, Epstein (1955 b) reported a “true 
outer space” of 23 per cent as measured by radiosulphate. He also found a 
considerable increase of the AFS over the “true outer space”, depending upon 
external sulphate concentration, when the latter was less than 5 mM; this 
increase was attributed to the influence of special adsorption sites. Such 
adsorption sites for sulphate are evidently extremely scarce in the present 
material, since we do not find any corresponding phenomena, although we 
have worked in a range similar to the lowest concentrations used by Epstein 
(1955 b). Only in roots of intact plants do we note a special increase of the 
AFS in low sulphate solutions. As discussed above this phenomenon must, 
however, in our material be regarded as an artifact due to decreased rates 
of net metabolic uptake — perhaps originating from leakage of the vacuoles 
— which leads to extrapolation errors (experimental section 2 c). — As for 
the cause of the general difference between the AFS of roots of intact plants 
and that of isolated roots, we do not want to express any opinion for the 
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Figure 4. Dependence of labelled sulphur transport upon water movement. Experimental 
points concerning shoots (KJ) and shoots+endosperms (M) connected by solid lines, and 
the curves extrapolated to zero water transport. Dashes mark level of total metabolic 
uptake connected with bleeding. The differences between the two curves of each figure 
part gives thus transport to the endosperm, which is entirely of a “passive” character, 
since the extrapolated parts meet on the ordinate. The difference between total and meta- 
bolic uptake gives the “passive” component. — Age of plants and external sulphate con- 
centration indicated for each experiment; g. water and umol sulphate as referred to 30 
mean plants. Fresh weights as given in tables 3 and 4. — Slopes at 0.05 mM not significant. 


time being, although it may be pointed out that the “passive” character of 
the uptake mechanism is seemingly not altered. 

The metabolic ion uptake of wheat roots decreases with temperature but 
is still measurable at 2°C (figure 1). Similar results have been obtained 
by Broyer (1956) in experiments on barley, whereas Hylmö (1953) showed 
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that active uptake stops completely in peas kept at this temperature. The 
different behaviours are in accordance with experiences from general agri- 
cultural practice: wheat and barley germinate and grow in cold weather, 
which stops the development of peas. The former two species have a signi- 
ficant respiration even below 0°C (Andersson, 1944). 

Addition: After the completion of this manuscript a paper by Brouwer 
(1956) has appeared, in which the author recognizes more clearly than be- 
fore the significance of passive transport to the shoots. 


Summary 


Simultaneous measurements have been made of water losses, and net 
sulphur uptake and transport in wheat plants of different ages from com- 
plete nutrient solutions containing 0.05, 0.5, or 5 mM labelled sulphate. The 
experiments have been arranged so as to give a comparison of conditions 
at low and high transpiration. — Some experiments on excised roots are 
also reported. 

The uptake and transport of sulphur to the aerial parts is due to two dif- 
ferent processes, one “passive” dependent upon transpiration and the other 
“active” connected with bleeding mechanisms. As for the amount trans- 
located, the metabolic process dominates at low external concentrations, 
whereas the state of things is reversed at high contents of sulphate in the 
medium. 

Especially in the case of the youngest plants, the seeds contribute materially 
to the passive transport mechanism. Sulphate translocated by bleeding 
apparently does not enter the seeds. 

When the transpiration stream passes the roots, the nutrient solution loses 
about 75 per cent of its contents of sulphur. This “sieve effect” is not due to 
active uptake into the root cells. — For both mechanisms concerned the root 
passage of ions is mainly through cell walls or cytoplasm, not through the 
common cell vacuoles. 

Also for sulphate uptake to roots, a “passive” and an “active” phase can 
be distinguished. Without loss of the “passive” character of the uptake, the 
apparent free space is 27.5 per cent in intact roots as against 18.0 per cent 
in excised ones. Specific binding sites for sulphate have not been found 
within the outer space of the wheat roots; the apparent “extra” increase of 
the outer space of intact wheat roots at low sulphate concentrations is pro- 
bably due to an artifact. — The equilibration between AFS and nutrient 
solution is complete within 15 minutes. 

At 21°C the rates of sulphate transport by the bleeding stream as well as 


Physiol. Plant., 10, 1957 


UPTAKE AND TRANSPORT OF SULPHATE IN WHEAT 483 


of metabolic uptake into the root cells are apparently determined by adsorp- 
tion to carrier systems of about the same properties. — Contrary to the active 


uptake in peas, this process is still going on in wheat at temperatures as low 
45:22 C: 


The authors wish to express their gratitude to professor H. Burström and Dr D. V. 
Tullin for interest and for valuable discussions, and to miss Britt Hanngren for 
skilful technical assistance. The work has been supported by a grant from the 
Swedish Natural Science Research Council. 
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In two previous papers (16, 17) the author has described the course of the 
geotropic reaction of wheat roots and experiments on the influence of some : 
properties of the nutrient solution upon the geotropism of the roots. The 
experiments were performed by means of a method, in which the whole 
seedlings were immersed in the solution during the entire experiment. The 
results indicate that one positive and one negative response are initiated in 
the wheat roots when they are exposed to gravity. The mutual strength of the 
responses determines the course of the reaction and the shape of the curva- 
ture, which are both very different under different environmental conditions. 
Only the net result of the responses can be recorded. The experimental 
results indicate, however, that the negative response is more affected by 
the environmental conditions than the positive one, and therefore the course 
of the reaction is mainly determined by the progress of the former. 

All the studies were performed with the central root of the seedlings. This 
is a plagiotropic organ, because after planting in a vertical position it deviates 
after some time from the vertical line. The deviation angle was found to be 
determined by the properties of the nutrient solution, and a parallelism 
between the magnitude of the deviation and the intensity of the negative 
response could be shown. In the present paper the influence of temperature 
on these geotropic phenomena is investigated. 


Methods 


The methods used have been described in the earlier papers (16, 17), and there- 
fore they will not be discussed in detail here. Experiments have been undertaken at 
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10°, 15°, and 25°C. The temperatures were kept constant within +1°. In all 
experiments the seeds were germinated at 25°C. The germination took place on filter 
paper in Petri dishes. In the subsequent planting in the nutrient solution the seedlings 
received the temperature of the experiment. Thus the roots developed in the tem- 
perature of the experiment for 18—20 hours before the experiment was started. As 
the growth is lower at the lower temperatures, an earlier germination was required 
for the development of sufficiently long roots for the low-temperature experiments. 
This was done by aeration of the water, in which the seeds were soaked. 

In spite of the mentioned treatment, the roots were somewhat shorter at the start 
of the experiments at the lowest temperature. Occasionally experiments at 10°C 
were performed with roots of the same length as those used at the higher tempera- 
tures. No divergent mode of reaction was demonstrable in such cases. 


Results 
I. Observations of the plagiotropic behavior of the roots 


It was reported in the previous paper (17) that the wheat roots deviate 
from the vertical line after being planted in a vertical position. The direction 
of the deviation is not determined by the morphology of the seedlings, but 
the root grows in the same direction it happened to obtain in the planting. 
The deviation increased with increasing acidity of the nutrient solution. In 
a solution with pH 5 at 25°C it was so great that it was impossible to use 
the roots for geotropic experiments with the method described. At 10°C 
and 15°C similar difficulties are not met with. Seedlings cultivated at 15°C 
are shown in figure 1. They should be compared with the roots in figure 1 
in the foregoing paper (17). The deviation is much less at 15°C than at 25°C, 
but an effect of the H-ion concentration can be found. At 10°C the deviation 
is still weaker. It can be concluded that the plagiotropic deviation is decreased 
with decrease in temperature. 


Il. The oxygen factor 


In the experiments performed at 25°C (17) it was found that the velocity 
of the air stream, which was passed through the nutrient solution during 
the experiments, greatly influences the course of the geotropic reaction. 
Most uniform results were obtained when the air was pressed through glass 
filter tubes and thus divided into very small bubbles. If pure oxygen was 
used instead of air, the negative reactions were depressed. With all prob- 
ability it can be stated that the content of carbon dioxide in the solution de- 
creases with the increase in the amount of gas passed through the solution 
per unit of time. According to the laws of gas diffusion this decrease must 
be independent of the composition of the gas mixture used. It can therefore 
be concluded that in these experiments the oxygen and not the carbon dioxide 
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Figure 1. Plagiotropic behavior of wheat roots, grown at 15° C. 


A grown at pH 5. B grown at pH 6.6. 


is the active factor. According to Bergmann (2) the latter may also affect 
the growth of roots. 

In the experiments performed at 10°C and 15°C the oxygen factor has 
also been investigated. Experiments were undertaken with mixtures of oxygen 
and nitrogen, the amount of oxygen being 10, 21 (air), and 50 per cent. The 
gas mixtures were obtained from A. B. Faxe, Malmö. According to the 
purveyor the percentage of oxygen may have varied within #2 per cent. 

In the experiments at 10°C no response could be observed to variations in 
the content of oxygen of the gas mixture, neither in the reaction time nor in the 
course of the geotropic reaction. At 15°C an increase in the oxygen content 
from 21 per cent to 50 per cent was also ineffective, but if 10 per cent oxygen 
was used an obvious increase in the second negative reaction was found. The 
experiments were performed at pH 5 and 6.6. The effect was most evident at 
the higher pH value (figure 2). In the vessels 2 and 3 10 per cent oxygen 
was used, while the vessel to the left is a control, aerated with 50 per cent 
oxygen. Figure 2 A shows the situation 8 hours after the roots were placed in 
the horizontal position. At this moment the second negative reaction has not 
yet appeared. In figure 2B the same experiment is shown efter 17 hours. 
It is evident that the second negative reaction is more pronounced when the 
mixture with the low content of oxygen is passed through the solutions. Time 
curves for four of the roots in vessel 1 and four of the roots in vessel 2 are 
shown in figures 3 and 4. The elongation of the roots in the experiments has 
also been determined and is plotted against time in figure 5. The values are 
averages of all the roots. It is evident that during the first hours the course 
of the reaction is more irregular at the low supply of oxygen. but during 
this time the growth is little changed. After 11 hours the second negative 
reaction has taken place in the 10 per cent vessels, and thereafter a signi- 
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Figure 2. Shape of the geo- 

tropic curvature of wheat 

roots in solutions with pH 

6.6 aerated with gas mixtures 

of different oxygen content. 

1. 50 %/o O2+50 °%/o No 

2 and 3. 10 0/0 O2+90 °/o Na 

A. The situation before the 
start of the second ne- 
gative reaction. 

B. After the second negative 
reaction has appeared. 


For further explanation see 
the text. 


1 2 5 


ficant inhibition of the growth is also observed in the same vessels. With 
50 per cent oxygen the negative reaction is weak and here the growth is very 
little changed. The time of appearance of the negative reaction coincides with 
the growth inhibition. 

Some comments should be made regarding the growth measurements. It 
was observed that roots which showed a strongly pronounced negative reac- 
tion also showed a considerable growth decrease. The sixth root from the 
top in vessel 3 showed a very weak negative reaction and it curved as did 
the roots in vessel 1. The growth of the root was also similar to that of the 
latter ones, being 7.8 mm in 22 hours. This root therefore in both respects 
behaved as a high oxygen root. 

The experiments support the result obtained earlier (17) that a low supply 
of oxygen stimulates the negative response; further they confirme that the 
second negative reaction is connected to a growth inhibition (16). 

In similar experiments performed at pH 5 there was much less effect on 
the negative reactions and the shape of the curvature was very little affected 
by the oxygen tension. Only an increase in the irregularity of the time curves 
of the individual roots could be observed (figure 6). 

In earlier experiments at 25°C irregularities in the time curves of the reac- 
tion were obtained at low pH values. They were interpreted as due to an 
increase in the negative response, which therefore was great enough to 
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Figure 3. Time curves of four of the roots in vessel 1 of figure 2. The roots, which were 
the straightest at the start of the experiment, were chosen. 
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Figure 4. Time curves of four of the roots in vessel 2 of figure 2. The roots were chosen 
as in figure 3. 
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Figure 5. Growth of the roots in figure 2. 


HOURS 


balance the positive one. The present results can be interpreted in the same 
way, taking into consideration that when the negative response is increased 
by the oxygen deficiency it becomes strong enough to manifest itself in the 
time curve. 

The result that a low supply of oxygen has a greater effect upon the nega- 
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Figure 6. Typical time curves of the geotropic reaction of wheat roots in solutions with 
pH 5 at 15°C and aerated with 10 %/0 O2+90 %0 No. 
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tive reactions at the higher pH value is not surprising. The oxygen deficiency 
calls forth an increase in the negative response and the increase should be 
relatively greater when the response is weak. This is the case at high pH 
values (17). 

From the experiments concerning the oxygen factor it is evident that it is 
easier to avoid oxygen deficiency at a low than at a high temperature. There- 
fore in experiments concerning the effect of other factors at low temperature 
irregularities due to the oxygen factor were negligible. For additional security 
50 per cent oxygen was used for the aeration. The gas mixture was led into 
the solutions, however, by means of glass tubes and filter tubes were not 
needed. 

The fact that the oxygen content of the gas mixture was kept constant does not 
imply that the supply was the same at different temperatures. At 10°C, 5.4 mg 
of oxygen can be dissolved in 100 g of water, at 15°C the corresponding amount 
is 4.8 mg and at 25°C it is 3.9 mg (9). Furthermore, the oxygen uptake by 
the roots due to the respiration is diminished at lower temperatures. The 
velocity of diffusion is also changed by the temperature. All these factors 
make it impossible to arrange the same supply of oxygen at different tem- 
peratures, which must be remembered in the interpretation of the results. 


III. The course of the geotropic reaction and the influence 
of the acidity of the solution 


Experiments at low temperatures have been mainly undertaken at the pH 
values 5, 6, and 6.6. The same combinations of phosphates as were given in 
the earlier paper (17) have been used. For solutions with pH 6.6 6X10-# M 
KH,PO, and 4X10-4 M Na, HPO, were used. In the solutions denoted as 
pH 5 the initial pH value was 4.8 to 4.9, and during the experiments a small 
increase could be recorded. In the 15°-experiments the final pH value after 
24 hours was 5.2 to 5.3. At 10°C the shift was less and in most experiments 
to small to be measurable. In the solutions denoted as pH 6 and 6.6 the 
initial pH values were 6.0 and 6.6. In these solutions the shift was small 
and could reach 0.1 to 0.2 units. Occasionally experiments have been under- 
taken at lower pH values and the adjustment was made by means of H,PO,. 
In such cases the pH shift was somewhat higher than at pH 5 and reached 
0.5 units. The measurements were undertaken with an accuracy of 0.1 
pH unit. 

Time curves of the geotropic reaction at 25°C have been published earlier 
(17) and corresponding curves for 15° C in the foregoing part of this paper. 
In both cases one positive and two negative reactions could be distinguished. 
The same is true for 10°C. The moment of appearance of the reactions is 
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Table 1. Reaction times in hours of the geotropic reactions of wheat roots. 


oT 


Temperature | Positive reaction | First negative reaction | Second negative reaction 
10°C | 1—2 | 4—5 20—30 | 
15 CU 1 20 ik | 
25°C | 1/2 | 1 5 


different at different temperatures (table 1). It is obvious that all the reac- 
tions are delayed with decreasing temperature. As to the positive reaction 
accordant results have been published earlier (1, 7, 10, 18). 

In the records of the reaction times it was found that there was a greater 
spread between values for the individual roots at 10°C and 15°C than at 
25°C. The reason for this may be found in the investigations by Bach (1). 
He found a prolongation of the reaction time at decreased temperatures. 
If the reaction time was plotted against temperature a curve was obtained, 
which had a very steep course at temperatures below about 24°C. Therefore 
small individual variations in sensitivity to temperature must have a rather 
great influence upon the reaction time and the variation in the values obtained 
at low temperatures is understood. As a consequence the reaction times have 
been only roughly given. 

As to the net result of the negative and the positive reactions, this is shifted 
in favour of the positive one with falling temperature. This is well illustrated 
in figure 7. In order to make the treatment uniform even the experiment at 
25°C recorded in this figure was aerated with 50 per cent oxygen. The experi- 
ments depicted are chosen as typical for all experiments performed. The 
stages of development are comparable, as in all cases the second negative 
reaction has taken place. Therefore they illustrate the final shape of the 
curvatures at different pH values. 

At pH 4 no remaining curvature at all has appeared. This is true for all 
temperatures. At pH 5 there is no remaining uniform curvature at 25°C but 
at 15°C there is either a positive curvature alone or both a positive and a 
negative one resulting in S-shaped roots. At 10°C the positive curvature is 
still more pronounced and uniform. Thus the positive curvature becomes 
more pronounced with decreasing temperature. The same thing is illustrated 
in the time curves of the reactions. Such have been published earlier for 
roots at 25°C (17). They proved to be very irregular with alternating positive 
and negative bendings. The differences between the curves for the individual 
roots were therefore very great, and no mean curve could be drawn. Time 
curves for four roots from 15°C are shown in figure 8. The course is some- 
what less irregular and a mean curve of all the nine roots in the same 
experiment is shown in figure 10. At 10°C (figure 9) the time curves are still 
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Figure 7. Final shape of the curvatures in solutions with different pH values at 10°, 15° 
and 25°C. For further explanation see the text. 


more uniform. À mean curve, calculated in the same way as for the 15°- 
experiments is shown in figure 10. If the final shapes of the curvatures are 
compared (figure 7) it is obvious that the curvatures at pH 6 and 25°C 
resemble those at pH 5 and 15°C. The curvatures at pH 7 and 25°C resemble 
those at pH 6 and 15°C and so on. As to the shape of the curvature, the 
effect of a decrease in the pH value of the solution can be counteracted by a 
decrease in the temperature. 

It can also be observed that the roots are more S-shaped at lower tempera- 
tures, which is due to a more pronounced second negative reaction. As a 
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Figure 8. Typical time curves of the geotropic reaction of roots in solutions with pH 5 


at 19°C: 


whole the individual reactions appear more distinctly at the lower tempera- 
tures. This may be due to the increase of the cell elongation, which is shown 
to take place under such conditions (4, 5). At 10°C, however, the develop- 
ment of the reactions is extended over 30 to 40 hours at the same time the 
moments of their appearance are also extended over greater periods. There- 
fore, 15°C seems to be a suitable temperature for the demonstration of the 
course of the geotropic reaction of wheat roots. 


IV. Growth measurements 


The influence of the temperature on the growth of roots has been studied 
earlier (5, 13, 21, 22). All investigators find that the relation between them 
can be described by: an optimum curve, but the optimum is very different 
for different plants. Lately Burström (5) has studied the cell elongation of 
wheat roots at different temperatures. He found that the final cell length is 
greater at low temperature than at high. This implies that even if the velo- 
city of cell elongation is increased with the temperature an inhibiting factor 
is present, increasing with temperature. The greatest total length of the roots 
was obtained at 20°C. Hence, the effects of temperature on growth are well 
known. Since the negative reactions are connected with an inhibition of the 
growth, some experiments have been undertaken in which the temperature 
as well as the pH value of the solutions have been changed. 

Seedlings were planted in holders of perspex and allowed to grow in large test 
tubes. The lengih of the central root was measured before the planting and at the 
end of the experiment. The measurements were undertaken with an accuracy of 
1 mm. In these experiments only the roots were immersed in the solutions, and 
therefore the conditions are not the same as in the geotropic experiments. 
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Figure 9. Typical time curves of the geotropic reaction of roots in solutions with pH 5 
at 10°C. 


As the aim of the experiments was to compare the growth under condi- 
tions in which the negative response varied considerably in strength, the 
temperatures 10°C and 25°C were chosen. The results are shown in table 2. 
The figures within brackets show the growth at 10°C during 24 hours. The 
roots growing at 25°C were measured after 24 hours and the roots at 10°C 
were measured after 48 hours as well. It is obvious that the growth is signi- 
ficantly inhibited at pH 4 and 5 at 25°C and at pH 4 at 10°C. In these cases 
it has been shown that the negative response is great enough to mask the 
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Figure 10. Time curves of the geotropic reaction of wheat roots in solutions with pH 5 
at 10° and 15°C. The curves are averages of experiments comprising nine roots each. 


Physiol. Plant., 10, 1957 


496 HENRY RUFELT 


Table 2. Growth of roots in nutrient solutions of different pH values at 10°C and at 25°C. 

The figures show the growth in mm. At 25°C the growth was measured after 24 hours, 

at 10°C it was measured after 48 hours as well. The figures in brackets give the growth 
after 24 hours. The figures are averages of experiments comprising 27 roots each. 


| Temperature | pH = 4 | 5 | 6 | 6.6 | 
| 10°C 7.6 + 0.2 10.1 + 0.3 10.4 + 0.3 | 10.0 + 0.4 
| (4.1) (5.1) (5.3) | (5.2) | 
| 25°C 8.2 + 0.2 10.0 + 0.4 14.7 + 0.5 | 12.7 + 0.3 


positive one and to prevent a remaining positive curvature. Furthermore, 
it can be calculated that the growth is about doubled at 25°C as compared to 
10°C in the solutions with pH 4 and 5, but it is more than doubled in the 
other solutions. This may be connected with the fact that the negative response 
is more pronounced at low pH values. 


Discussion 


The interaction between the positive and the negative geotropic responses 
under varying conditions is further illustrated by the experiments described 
in this paper. In the interpretation of the temperature effects it must be 
emphasized that the decrease in temperature not only directly influences 
many processes in the plant, but also properties of the nutrient solution. In 
this connection the oxygen factor must especially be taken into consideration. 
The geotropic behavior is changed in the same direction by a decrease in 
temperature as by an increase in the oxygen supply. Therefore it is not pos- 
sible to establish the real effects of temperature, as they may as well be due 
to the oxygen factor. According to Burström (4, 5) the cell elongation is 
decreased at higher temperatures. Kopp (11) has found a parallelism between 
the inhibitory effect of a low supply of oxygen upon the cell division and 
the cell elongation. Therefore the positive effect on growth, obtained with 
a high oxygen supply, cannot be due to an increase in the cell division only. 
Consequently, the similar geotropic behavior of the wheat roots at low tem- 
perature and at high oxygen supply is combined with a similar change of 
the cell elongation. 

It has been shown that the auxin content is high at high pH values (14). 
Experiments reported in the literature point to a high auxin content at high 
temperature (5, 8, 10). The positive curvature is found to be strong at high 
pH values but weak at low temperatures. Therefore a high auxin content is 
combined with a strong positive curvature in one case (high pH-value) and 
with a weak one in another (high temperature). Thus no correlation can be 
Physiot. Plant., 16, 1957 


GEOTROPIC REACTIONS OF WHEAT ROOTS 497 


Table 3. Influence of the pH value in the nutrient solution, the supply of oxygen, and the 
temperature upon growth, auxin content, and geotropic responses of wheat roots. 
ee Br EEE NIT 


pH value of the T at S € : 
ion Einen: solution emperature Supply of oxygen 
High Low High Low High Low 
Growth een near Decreased | Decreased | Decreased | Increased | Increased | Decreased 
ATXID CONTENT ...:.... High Low High ? Low? ? 4 
| Positive response ...... 2 ? ? 2 iy ? | 
Negative response ...|Weak Strong Strong Weak Weak Strong | 
Plagiotropic deviation| Weak Strong Strong Weak Weak Strong | 


found between the probable auxin content and the positive geotropic curva- 
ture. The same result was obtained in the investigation of the oxygen factor 
and the pH factor (17). 

On the other hand, the positive geotropic response is commonly regarded 
as due to the auxin distribution. If this is true the external conditions must 
influence mainly the negative response. 

In the quoted paper (17) it was also shown that one possible reason for 
a change in the positive response, namety a change in the dissociation of 
auxin, was contradicted by the experimental results. The temperature experi- 
ments tall with these results. For thermodynamic reasons a decrease in the 
temperature causes a decrease in the dissociation. The more pronounced 
positive curvature at low temperatures thus can not be explained as due to 
an increase in a transverse transport of auxin, caused by an increase in the 
amount of auxin anions. 

The plagiotropic deviation of the roots from the vertical line was also inter- 
preted as due to the negative response. The simultaneous decrease in the 
deviation and the negative reactions at low temperatures are in accordance 
with this hypothesis. 

Summing up the results concerning the influence of the external factors 
on the geotropic phenomena (table 3) it is found that they can only be 
understood if it is assumed that two geotropic responses are coexistent in the 
wheat roots. In all cases investigated there is a parallelism between the nega- 
tive response, the plagiotropic deviation, and growth. Certainly a weak nega- 
tive response is combined with a decrease in growth at high pH values, 
but this can be explained by a high auxin content. A high auxin content is 
also combined with growth inhibition. On the other hand there is no cor- 
relation between the negative response and the auxin content. This makes 
it possible to suggest that the negative response is independent of the auxin 
conditions. 

The assumption that a negative response exists in roots was early suggested 
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by Lundegärdh (12). He found a depression of the geotropic reaction of 
Pisum roots at high amounts of stimulus. This was interpreted as due to a 
negative response. The author (15) found a similar negative response in flax 
roots, the presence of which could be demonstrated when the positive reac- 
tion was delayed by indoleacetic acid. 

In wheat roots the negative response may appear as a negative curvature 
or as a straightening of a positive one. In roots of Vicia Faba, Simon (19) 
occasionally found a course of the geotropic reaction, which much resembles 
that of wheat roots. Brumfield (3) observed a decrease of the angle of the 
curvature in roots of Pleum pratense between 80 and 100 minutes after the 
roots were turned horizontally. The decrease was observed in 11 out of 14 
roots. Ching et al. (6, figure 4) have found a similar decrease of the curvature 
of maize roots. It developed 3 to 5 hours after the start of the geotropic 
stimulus. The authors have overlooked the decrease, although it is greater 
than the standard deviation of the single determinations, according to 
their own computations. In all the reported cases the negative reactions 
are weaker than in the present experiments, but this can be explained if the 
oxygen effect is taken into consideration. The investigators mentioned have 
all performed their experiments in moist air, and here the supply of oxygen 
must be greater than in solutions. 


Summary 


This study is a continuation of two previous papers on the influence of 
external factors upon the geotropic reactions of wheat roots. The influence of 
temperature is investigated. A decrease in temperature increases the positive 
curvature of the roots. This is interpreted as due to a decrease in the nega- 
tive response more than to an increase in the positive one. At lower tem- 
peratures the plagiotropic deviation from the vertical line is also diminished. 
Therefore the parallelism between the negative geotropic reactions and the 
plagiotropie behavior is present even in the temperature experiments, and 
the assumption that both phenomena are due to a common process, the nega- 
tive response, is supported. This process seems to have no connection to 
auxin. 


This investigation has been supported by a grant from the Swedish Natural Science 
Research Council. 
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This paper is a continuation of three papers on the course of the geotropic 
reaction of wheat roots and the influence of external conditions on its devel- 
opment (Rufelt 43, 44, 45). According to the Went-Cholodny theory the 
reaction is elicited by an unequal distribution of auxin, and therefore it could 
be expected that externally applied growth substances would change its 
development. 

In the earlier papers it was shown that the geotropi¢ curvature of wheat 
roots is determined by one positive and one negative response. In solutions 
of intermediate pH values (about pH 6) the positive response gives rise to a 
positive curvature during the first stages of the reaction. This is counteracted 
by a negative reaction, caused by the negative response. Until the moment 
of the appearance of this negative reaction the resulting curvature is deter- 
mined by the positive response only. Therefore there is a possibility of 
studying the positive response separately by determination of the first part 
of the time curve of the reaction. 


Methods 


The effects of the following substances are described in this paper: 
indole-3-acetic acid (IAA) 
a-indole-3-isobutyric acid (IIBA) 
a-phenylisobutyric acid (PhIBA) 
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The sodium salts of the substances were dissolved in the nutrient solution. The 
methods of cultivation of the seedlings and the performance of the experiments have 
been earlier described in detail and will not be repeated here (43, 44). 

The aim of the investigation was to determine the influence of the substances 
upon curving roots. in the case of IAA it is well known that an adaptation takes 
place in the roots (Burstrôm 15). Therefore it is improbable that externally applied 
substance has the same effects upon cells which have developed in an IAA solution 
as upon normal cells. Hence the substance should not be added to the solution 
until the moment when the roots are placed horizontally. On the other hand, the 
uptake of the substance by the roots must take some time. Johnson and Bonner (27) 
have shown that the uptake of 2-4-dichlorophenoxyacetic acid by Avena coleoptile 
sections takes place in the same waÿ as the normal uptake of anions by plant 
tissue. Reinhold (41) has obtained*similar results. According to Kylin (28) the first 
rapid phase of the uptake of sulphate ions by wheat roots is completed after 15 
minutes. 

That the effect of IAA can be rapidly observed on wheat roots is reported by 
Lundegärdh (32). He found a growth inhibition already after 4 minutes. In experi- 
ments with flax roots the author (42) obtained the same effect of IAA upon the 
geotropic reaction time in experiments where the roots had been treated with the 
substance for half an hour and in experiments where the roots were exposed to 
gravity at the start of the treatment. 

In the present experiments the roots have been treated in a vertical position with 
the substances for 30 to 45 minutes before they were placed horizontally. This 
period was considered long enough for the uptake of the substance to take place, 
but not long enough for the cells which have been formed in the growth substance 
solutions to have reached the elongation zone at the start of the geotropic stimulus. 

It has been found that both the geotropic responses lead to curvatures at inter- 
mediate pH values. Further it was found that these appear most distinctly at lower 
temperatures (45). Therefore the effects of the growth substances upon the course 
of the reaction are investigated mainly at pH 6.0 and at 15°C. The shift of the pH 
value during the experiments has been given earlier (44, 45). 

The positive curvature staris under these conditions about one hour after the 
application of the stimulus. The negative one can be observed after 2 to 3 hours. 
After the appearance of the negative curvature, the time curves take a more 
irregular course, but the roots bend positively. The irregular course of the bending 
may be due to the interaction between the positive and the negative responses. In 
most of the time curves in this paper only the first 5 hours are shown. 

The effects of the growth substances on the plagiotropic behavior of the roots 
have also been investigated. As the deviation from the vertical line is greatest at 
25°C and in acid solutions, these experiments have been performed at pH 5 and the 
temperature mentioned. 


Results 


I. Indole-3-acetic acid (IAA). The effect of IAA upon the course of the 
geotropic reaction is shown in figure 1. The effect can be described as a 
depression of the positive reaction, which takes place already in the first 
stages of its development. The first negative reaction, which is also recorded 
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Figure 1. Influence of indole-3-acetic acid (IAA) on the geotropic reaction of wheat roots. 
Each curve is the average of 9 roots. C=control. 


in the time curves, seems to be rather unchanged. The IAA concentration 
of the solutions was 5X10-° and 10-8 M. At higher concentrations the 
growth was immediately inhibited, and no curvature appeared until after 
10 to 15 hours. Then there was a positive curvature, but the roots did not 
have a normal appearance. The cells of the curving apex were considered as 
adapted to IAA, and the reaction was not further observed. An effect of IAA 
on the plagiotropic behavior of the roots could not be established. 

The effect of IAA on the reaction time of the positive reaction is shown 
by table 1. At 25° C no determinations could be performed at pH 5, and 
there was also some uncertainty at pH 6. Here a sudden increase was obtained 
if the IAA concentration was increased from 5X10~® to 10-8 M. At pH 7 
the effect is more continuous. Two conclusions can be drawn from the table. 
The reaction time is prolonged by IAA, and IAA is most effective in this 
respect at lower pH values. At pH 7.5 no prolongation at all was obtained 
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Table 1. Influence of indole-3-acetic acid (IAA) on the reaction time of the positive geo- 
tropic reaction of wheat roots at different pH values in the root medium. The determina- 
tions at pH 5 were performed at 10°C and the others at 25°C. The figures are mean values 
of 25 to 27 roots. For further explanation see the text. 
eS 


TAA pH value IAA pH value | 
M 5 M 6 7 tea) 
0 1—2 hours 0 30—40 min | 40—60 min 2 hours | 
5 X 10—10 2 5 X 10-9 30—-40 „, 40—60 ,, — 
10— 9 4 - 10-8 5— 6 hours | 1— 11/2 hours| 2—3 hours 
D CU 5 + 2 X 10—8 Very long! 2— 3 5 = 
10— 8 Very long! 3 < 108 Er À j= ® es — 
— — 10-7 + 7— 8 5 2 hours 


1 “very long” implies that no reaction time could be determined within 10 to 12 hours. 


in the concentrations used. The difficulties in determining reaction times 
at low pH values may be connected in some way to the occurrence of the 
negative response in these solutions. In order to control this possibility, reac- 
tion times were also determined in solutions with pH 5 at 10°C (table 1). Here 
the negative response is weak. The uncertainty is rather great at this tem- 
perature (45), and reaction times can be determined with an accuracy of one 
hour only. At 10°C, however, it was possible to record a continuous effect 
upon the reaction time of increasing concentrations of IAA. Thus it is 
probable that the discontinuity at high temperature and low pH values is 
due to the negative response. If this is the case, it supports the assumption 
that the negative response is not influenced by IAA. 

Finally the influence of IAA on the longitudinal growth at 25°C is deter- 
mined at different pH values (table 2). This experiment was continued for 
24 hours, and therefore there is the possibility of an adaptation. Growth was 
found to be more affected by IAA at low pH values. Similar results are 
reported by Marmer (33) working with wheat roots and Bonner and 
Koepfli (5) with Avena roots. 


Table 2. Influence of indole-3-acetic acid on growth of wheat roots at different pH values 
in the root medium. The figures denote longitudinal growth in mm during 24 hours at 25°C. 


IAA M Inhibition 
pH value = of, 
0 | 10-8 
5.1 22 Æ 0.7 13 + 0.5 41 
5.9 28 + 1.1 14 + 0.9 50 
6.9 311.7 23 21.2 26 | 
7.4 2H 22 + 0.7 21 
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Comments 


The influence of IAA on the geotropic reaction of Phleum roots has been 
investigated by Brumfield (8). He found that treatment with IAA prior to 
turning the roots horizontally markedly affected growth but did not in- 
fluence the amount of curvature per unit of growth. Therefore the IAA had 
no effect on geotropism other than that which could be attributed to the 
inhibition of root growth. 

In earlier work with flax roots, the author found a delaying effect of IAA 
upon the presentation time and the reaction time of the positive reaction. It 
was interpreted as an effect upon the cell elongation. It was assumed that 
there must be a threshold value of the difference in auxin concentration in 
the upper and the lower part of the root for a reaction to start. With an 
external supply of IAA the internal concentration ought to be increased in 
both parts. In such a case the difference in auxin concentration between the. 
upper and the lower side must be greater for reaching the threshold value 
necessary for the reaction to take place. A similar explanation of the dif- 
ferent sensitivity to auxin of wheat roots and flax roots was suggested by 
Äberg (1). A greater difference in auxin content between the upper and the 
lower side may be reached during a longer time of stimulation, thus pro- 
longing the presentation time. In this way we would have a parallelism to 
the Weber law as applied to chemotaxis. In fact we would trace the effect 
back to the chemical effect of the auxin upon the cells in the elongation 
zone. The influence of IAA on the reaction time and on the reaction would 
then be put on the same basis. If this interpretation is true, one would expect 
a decrease in the positive geotropic reaction as a consequence of the external 
supply of auxin. This has also proved to be the case. The explanation is in 
accordance with the results of Brumfield (8). The same explanation can be 
used in the interpretation of the weaker influence of the IAA supply at 
higher pH values, as the auxin content is increased at higher pH values (46). 


The course of the geotropic reaction must be determined by the pattern 
of the cell elongation of the roots, because the curvature is formed in the 
elongation zone. The influence of IAA on the root growth has recently been 
reviewed by Burström (13) and Torrey (49). The elongation process in 
wheat roots has been studied by Burström (10, 13, 14, 15). According to this 
investigator the elongation takes place in two phases. Phase I consists of a 
loosening of the cell wall; phase II is an active wall formation by intussuscep- 
tion of new microfibrils. The first phase is promoted by IAA while the 
second one is inhibited by IAA, which also shortens the duration of the 
elongation. In phase II an adaptation to IAA takes place (15). 

In the time curves the course of the reaction is followed for 5 hours only, 
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Figure 2. Influence of a-indole-3-isobutyrie acid 
(IIBA) on the geotropic reaction of wheat roots. 
The roots in the vessel to the left are treated with 
IIBA 210-4. To the right a control. The experi- 
ment is depicted after 24 hours. Temp. 25°C. 
Initial pH of the solution 5.8. 


and during this period the bending has not yet reached the basal part of 
the elongation zone. If the Went-Cholodny theory holds true, the geotropic 
curvature is caused by an increase of auxin on the lower side of the root. 
If the endogenous auxin is IAA, it might be possible to explain the appear- 
ance of the negative reaction either as elicited by the stimulation of the cell 
elongation in phase I or as an adaptation to IAA in phase Il, both processes 
taking place in the lower side of the root. In the first case, however, the 
absence of the negative reaction in solutions with high pH values (44) cannot 
be explained. It has been shown that the auxin content is increased in such 
solutions (46). Nevertheless the shape of the curvature formed at high pH 
values does not resemble the curvature in IAA solutions. Therefore it must 
be assumed that some other change of the geotropic reaction takes place at 
high pH values besides the change due to an increase of auxin. Further- 
more it has not been possible to find a connection between the presence of 
negative reactions and the auxin content of the roots (45). 

As to the second possibility it has been shown that under certain condi- 
tions (low pH values and a temperature of 25°C) the positive curvature never 
appears, and in some cases a negative curvature is observed before a positive 
one. Such a behavior can hardly be attributed to an adaptation. Furthermore 
the adaptation is favoured by a high ratio JAA: calcium (15). The negative 
reaction is almost absent at high pH values (44), when the roots have a high 
content of auxin (46) and it is increased with a high Ca content in the 
nutrient solution (44). 

Therefore neither in this investigation nor in those earlier published have 
any evidences of an effect of IAA upon the negative response been found. The 
influence of IAA on the geotropic reaction of wheat roots seems to affect the 
positive reaction only. 

Nevertheless, a negative curvature or a straightening of the positive one, 
due to the stimulating effect of IAA in phase I, ought to be present. The 
reason why this is not the case may possibly be found in the fact that it has 
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Figure 3. Influence of a-indole-3-isobutyric 
acid (IIBA) on the geotropic reaction of 
wheat roots. 
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The experiment is depicted after 24 hours. 
Temp. 15°C, pH 6.0. 


not yet been fully established that the content of IAA is the normal factor 
limiting growth in the roots. Audus and Shipton (2) have assumed that 
another hormone than IAA holds the root growth below its possible maxi- 
mum. Recently Hously et al. (26) suggested that there are other hormonal 
substances besides IAA controlling growth in maize roots. The latter authors 
have not been successful in detecting free IAA in coleoptiles and roots of 
maize seedlings and report that this substance was not found in the maize 
plant except in the seed. 


II. a-Indole-3-isobutyric acid (IIBA) 


Preliminary investigations of the effects of IIBA on the geotropism of 
wheat roots have been published earlier (46). It was shown that IIBA-treated 
roots show negative geotropic curvatures (figure 2). Such curvatures were 
obtained in 10~* M and more highly concentrated solutions. IIBA promotes 
the growth of the wheat roots and is most effective in this respect in 3X 107$ 
to 105 M solutions (11, 12, 23). The negative reactions could be followed 
for 3 days or until the roots grew out from the solutions. 

The experiments mentioned were performed at 25°C and with nutrient 
solutions which were diluted 100 times compared to those used in the present 
investigation. It has been mentioned earlier (44) that in such solutions the 
pH shift is great, and reliable time curves for the reactions cannot be obtained. 
Therefore the experiments have been repeated in the more concentrated 
solutions. 

The site of curvature in the root cannot be deduced from a time curve. It 
may appear in any part of the elongation zone. Therefore the IIBA effects 
must be described mainly by means of pictures. 

The shape of the geotropic curvatures in solutions of IIBA are shown in 
figure 3. The positive reaction is depressed by IIBA and it is almost absent 
in à 10~° M solution. Here negative curvatures take place in some of the roots. 
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Figure 4. Time curves of the geotropic reaction of wheat roots in experiments similar to 
those shown in figure 3. Each curve is average of 9 roots. For control curve see figure 1. 


With further increase of the IIBA the negative curvatures become more dis- 
tinct. The development of the reactions at low IIBA concentrations are 
analyzed in figure 4. It is evident that the positive reaction is depressed. 
This is the case even in the first stages of its development, when it is deter- 
mined by the positive response alone. The positive reaction is weaker the 
higher the Concentration of IIBA and seems to be finally reversed in a nega- 
tive one. The negative curvatures formed in IIBA 107? and 3X 10°? M appear 
only after several hours and take place in the basal part of the elongation 
zone (figure 5 B). At higher concentrations they appear more apically, and 
at 10°* M and higher the curvatures appear near the apex. In figure 5 A an 
experiment in 2.51074 M IIBA is shown. In this experiment the reaction | 
time of the negative curvature was about 35 minutes. 

The final shape of the curvature is different in solutions with different 
pH values. At pH 5 it is rather sharp while smoother bendings are formed 
in pH 7.5 (figure 6). 

The influence of IIBA on the direction of growth of wheat roots initially 
planted vertically is described by Hansen (23). In her experiments the result 
was recorded after 3 days. She found straight roots in 3X 10% M HBA. In 
105 M solution and higher concentrations a phenomenon appeared, which 
she preliminary called “ageotropism”. It was described as a loss of the geo- 
tropic response. The roots grew in all directions and bent in smooth curves. 
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Figure 5. Shape of the negative geotropic curva- 
ture, elicited by o-indole-3-isobutyric acid (BA). 
1. IIBA 2.5X 107%, 

2. IIBA 10° M. 

Temp. 25°C. 


Experiments in which the wheat roots have grown for one night in IIBA 
are shown in figures 7A and 7 C. The roots grow more plagiotropically in 
IIBA 10”? M than in 106 M. If the roots which had grown in a solution with 
pH 5 overnight were transferred to solutions with the same content of IIBA 
but with pH 6.6, they changed their growth direction (figure 7). It has earlier 
been shown that the plagiotropic deviation from the vertical line in solutions 
free from IIBA can be changed in the same way (44). 


Figure 6. Shape of the negative curvature, 
elicited by o-indole-3-isobutyric acid 10-4. M 
at different pH values in the nutrient solu- 
tion. 1. pH 5, 2. pH 7.5. The experiment is 
depicted after 24 hours. Temp. 25°C. 
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Figure 7. Change of the plagiotropic behavior of wheat roots, treated with a-indole-3-iso- 
butyric acid (IIBA). 


Roots grown in IIBA 10° M and pH 5 overnight. 
The same roots as in A after 9 hours in IIBA 10-* M and pH 6.6. 
Roots grown in IIBA 106 M and pH 5 overnight. 
The same roots as in C after 9 hours in IIBA 10-65 M and pH 6.6. 


BOWS 


Comments 


Burström (11) and Hansen (23) have shown that IIBA increases the growth 
of wheat roots. The increase is 100 per cent or more. Burstrom and Hansen 
(16) have further shown that IIBA and IAA affect growth of wheat roots 
independently. IIBA also stimulates growth of Avena coleoptiles (19) and 
wheat coleoptiles (24). Therefore the effects of IIBA on growth seem to be 
rather complex. 

This complicates the interpretation of the effects of IIBA on the geo- 
tropism. The negative curvatures, however, seem to be due to a reversal of 
the positive reaction. This assumption is supported by the fact that it is 
gradually changed from positive to negative when the IIBA supply is in- 
creased. Further the negative curvatures arise in the basal part of the 
stretching zone, while the negative reactions due to what has been called the 
“negative response” are formed in the apical part of the elongation zone. 
Another point is that IIBA 106 M decreases the plagiotropic devation from 
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Figure 8. Influence of a-phenylisobutyric acid 
(PhIBA) on the geotropic reaction of wheat 
roots. 
1. Control, 2. PhIBA 3x10-5 M. Temp. 25°C, 
pH 5. 


the vertical line, which has been interpreted as due to the “negative response”. 
Therefore the IIBA-reaction can hardly be elicited by an increase in the 
“negative response” but is more probably due to a reverse of the positive 
reaction. 

According to the Went-Cholodny theory such a reversion can be under- 
stood as due to a decrease in the auxin content of the root to a level where 
it does not inhibit growth (21). Pilet (38, 39) has found that young roots of 
Lens culinaris increase their growth when treated with IAA. In such roots 
negative geotropic curvatures appeared. The same author (37) has also 
demonstrated a connexion between the content of auxin and the direction of 
the geotropic curvature of the stamens of Hosta caerulea. A decrease in the 
auxin activity in the wheat roots can be explained in two ways. Firstly IIBA 
may act as an antiauxin e.g., be an antagonist to the endogenous auxin. How- 
ever for two reasons IIBA is not an antiauxin according to the definition 
(22, 49): it exerts growth stimulating effect on shoots (19, 24). and it does 
not competitively inhibit externally applied IAA (16). 

According to Fawcett et al. (19) it was not possible to demonstrate a forma- 
tion of active acetic acids from the isobutyric acids in solutions in contact 
with pea-stem tissue. They conclude that IIBA is active as growth promotor 
of wheat coleoptiles. Hansen et al. (24) also suggest that IIBA itself promotes 
growth of coleoptiles. However the possibility of inhibiting effects on the 
IAA oxidase of IAA-resembling substances has been suggested by Wagen- 
knecht and Burris (51). Indolepropionic acid and indolebutyric acid were 
active in this respect. Therefore a growth-promoting effect of IIBA could 
be explained by assuming an inhibition of IAA oxidase. On the other hand, 
Physiol. Plant., 10, 1957 j 


GEOTROPIC REACTIONS OF WHEAT ROOTS 511 


DEGREES 


CURVATURE 


a te 
O@ PhiBA 10° 
® PhiBA 2-10 ° 


1 2 3 4 5 
HOURS 
Figure 9 A. 


Figure 9 A—C. Influence of a-phenylisobutyric acid (PhIBA) on the geotropic reaction 
of wheat roots. Each curve is the average of 9 roots. 


Figure 9A. Time curves for roots treated with PhIBA 10° and 2X10-5 M. Temp. 15°C, 
pH 6. Curve C is a control. 


Galston and Dalberg (20) have reported that parachlorophenoxyisobutyric 
acid has a stimulating effect on IAA oxidase. As no experiments on the 
effects of IIBA upon the enzyme have been published, our present knowledge 
is not sufficient for definite conclusions. 

The results of Burström and Hansen (16) showed that IAA and IIBA, both 
externally applied, are not competitively interacting in their effects on growth 
of wheat roots. These findings cannot be explained by assuming effects of 
IIBA on the IAA oxidase. Therefore, if IIBA is an antagonist to the endo- 
genous auxin, the above-mentioned possibility that IAA is not the hormone 
limiting the growth of wheat roots must be adopted. In connection with the 
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Figure 9B. Time curves for roots treated with PhIBA 2x10° M. Temp. 15°C, pH 5. 
Curve G is a control. 


earlier mentioned information that no IAA could be demonstrated in the 
maize roots (26), it is interesting to notice that the author has found in un- 


published experiments that even maize roots show upwards curvatures in 
10-4 M IIBA. 


Another way in which a decrease of auxin would be evoked in the wheat 
roots would be an inhibition of its formation or an increase in its destruc- 
lion, caused by IIBA. Brumfield (8) has shown that, 2,4,6-trichlorophenoxy- 
acetic acid inhibits the geotropie reaction of Phleum roots, while the longi- 
tudinal growth is increased. Hoffman (25) made similar observations in 
experiments with tomato plants. Brumfield suggests that some part of the 
auxin mechanism or the movement of auxin is interfered with. In unpublished 
experiments Ihe author found similar effects on wheat roots elicited by 
phenoxyacetic acid. Growth was promoted but no geotropie curvature was 
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Figure 9C. Time curves for roots treated with PhIBA 3x 10-5 M. Temp. 25°C, pH 5. 


formed. The effect has not yet been more closely investigated, but it seems 
to differ clearly from the effect of IIBA. However the possibility of an 
influence of IIBA on the auxin formation must be considered. 

It was mentioned above that parachlorophenoxyisobutyric acid was reported 
by Galston and Dalberg (20) to have a stimulating effect on IAA oxidase. 
According to these investigators the IAA oxidase is a highly adaptive enzyme, 
the adaptation of which can be recorded within 10 to 20 minutes. Therefore 
a stimulation of the activity of this enzyme is also a possible reason for a 
decrease in the auxin level. However, considering the growth promoting effects 
of IIBA on shoots this seems io be rather improbable in the present case. 

Finally a photoinduced destruction of IAA in the presence of certain 
fluorescent substances has been found (literature on IAA destruction of this 
type is reviewed by Gordon 22). The possibility that IIBA has similar effects 
seems to be rather unlikely especially in view of the above-mentioned auxin 
effects of the substance. 

An effect of IIBA upon the negative response is not conclusively shown. 
It was earlier found improbable that this is increased by the substance. 
The experiments, depicted in figure 7, strongly indicate that it is present 
in an IIBA solution 10-5 M. Therefore it can be concluded that the effect of 
IIBA on the geotropism of wheat roots is mainly an effect on the positive 
response. The increase of the plagiotropic deviation from the vertical line 
in IIBA 10-5 M compared to 10-° M (figure 7) can be considered as due to 
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Figure 10. Plagiotropic behavior of wheat roots, 

treated with a-phenylisobutyric acid (PhIBA) 

A 2x10-5 M. Temp. 25°C, pH 5. 

A. Roots treated with PhIBA overnight. 

B. Change of the plagiotropic behavior elicited by 
addition of PhIBA to the solution. The roots 
have grown in the nutrient solution overnight 
and deviated then from the vertical line. The 
roots are shown 8 hours after they were trans- 
ferred to the PhIBA solution. 


B 


a decrease in the positive response. If the plagiotropic deviation angle is 
determined by the mutual strength of the positive and the negative response, 
a decrease of the former will give rise to an increase of the deviation. 


III. a-Phenylisobutyric acid (PhIBA) 


PhIBA promotes the positive geotropic reaction of wheat roots (figure 8). 
The experiment depicted was performed at 25°C and at pH 5. The effect of 
PhIBA is analyzed in the time curves in figure 9. It is evident that the nega- 
tive reaction is diminished in all experiments. The effect is greatest under 
conditions where the negative response is most pronounced, according to 
earlier investigations (44, 45). In figure 9 C no curve could be drawn for the 
control roots for reasons earlier discussed (44). 

The direction of growth of the roots in a PhIBA solution 2X 10-3 M, pH 5, 
is shown in figure 10 A. The roots have grown in the solution overnight. 
They can be compared with the roots in figure 10 B. These roots have grown 
ın a nutrient solution with pH 5 for one night and were transferred to a 
similar solution with PhIBA 2X10-5 M added. They were photographed 
after 8 hours in this solution. Also from this experiment it is obvious that 
PhIBA decreases the plagiotropic deviation from the vertical line. 


Comments 


According to Hansen (23) PhIBA promotes the growth of wheat roots. The 
effect was found in 10°® and 3X10-5 M solutions only and was 20 to 30 
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per cent. Its effect was consequently much lower than that of IIBA. Bonner 
and Koepfli (5) found no growth promotion of Avena roots. 

As the first part of the geotropic reaction is unchanged by PhIBA, it can 
be concluded that this substance has little or no effect upon the positive 
response. Therefore the disappearance of the negative reaction must be 
elicited by a decrease in the negative response. The plagiotropic behavior of 
the roots is also in agreement with this explanation. 


Discussion 


In the literature negative geotropic reactions by roots have been earlier 
described in some cases. After treating seeds of Thuja orientalis with IAA, 
Bulard (9) obtained roots growing vertically upwards. v. Witsch (52) found 
that lateral roots of Phaseolus curve upwards after poisoning with Cu. 
Mentzer and Nétien (34) have described inverse geotropic reactions in roots 
of Lens culinaris and Pisum sativum after treatment with a-naphthylphtala- 
mate and some related substances. Pilet (39) has reported that very young 
roots of Lens culinaris in some cases show a negative geotropic curvature. 
According to him this phenomenon is connected with a suboptimal content 
of auxin. He was able to show that the growth of these roots was increased 
by IAA. Audus (2) has reported a disturbance of geotropic reactions caused 
by tri-iodobenzoic acid. Similar effects of n-1-naphtylphtalamic acid were 
reported by Ching et al. (18). 

From the present experiments it seems to be possible to obtain negative 
geotropic reactions by two different means. Firstly by reversing the positive 
response, which very likely is the case with IIBA treatment. The negative 
curvatures found by Pilet would be of this type. Secondly a shift of the 
interaction between the positive and the negative responses in the favour of 
the negative one would give rise to upward curvature. Negative curvatures 
have been obtained in earlier experiments of the author (44) at 25°C and 
pH 5 which were interpreted in this manner. These curvatures are connected 
with a decrease in growth. The same is the case with the upward curvatures, 
elicited by 1-naphthylphtalamic acid, and it may be possible to find a con- 
nection between them. Even the results of Bulard seem to be more easily 
related to upward curvatures of this type than to the IIBA-curvatures. 

The results presented in this paper support the opinion that the geotropic 
reaction of wheat roots is determined by one positive and one negative 
response. The positive response seems to conform to the Went-Cholodny 
theory with some modifications, while the negative one clearly has no con- 
nexion with this theory. The negative response could not be influenced by IAA. 
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On the other hand, it can be affected by PhIBA, which, however, does not 
affect the positive response. It is of great interest that the reactions elicited 
by the various responses can be influenced by different growth substances. 


The reactions are always connected with growth inhibitions on the concave 
side of the curvatures (43, 44). This makes it probable that the growth of 
wheat roots is regulated by two growth-limiting processes. These processes 
seem to be alternately predominent in this respect under different conditions. 


The unilateral displacement of auxin as the reason for a geotropic reac- 
tion, according to the Went-Cholodny theory, has earlier been considered as 
improbable (44). The other way of causing an unequal distribution of auxin, 
discussed in the literature, is a change of the production or the destruction 
in the different sides. 


An increase in the auxin content after a geotropic stimulus has been 
demonstrated in grass nodes (48), in Lupinus hypocotyls (6), and in sugar- 
cane nodes (36). Bünning has suggested a general occurrence of the geo- 
tropically induced auxin production (17). Larsen (29) however, emphasizes 
that synthesis of this kind has been demonstrated only in experiments of 
comparatively long duration. 


The present results can hardly be explained according to the theory of a 
transverse transport. A hypothesis based on the geoelectric effect is, never- 
theless, possible. A shift in positive direction in the potential on the lower 
side (this side becomes positively charged, compared to the upper one) is in 
its action similar to an increase in the pH value. This fact has recently been 
emphasized by Brauner (7). Such an increase has been shown to evoke an 
increase in the auxin content of wheat roots (47). The increase could be 
recorded after one hour of treatment in the short-time extractable fraction 
of auxin and may have been sufficient for changing growth much earlier. 
The auxin extracted was assumed to be IAA, but this is not strictly proved. 


This involves an uncertainty in the whole discussion, of which the author is 
well aware. 


The shift in negative direction in the potential on the upper side of a 
geotropically stimulated root acts as a pH decrease. It has been shown that 
the negative response is increased in solutions with low pH values. Conse- 
quently it is possible to find a reason for a different activity of the two 
postulated processes in the upper and the lower side of a geotropically 
stimulated root in the geoelectric effect. After the start of the geotropic 
stimulus the geoelectric effect would cause an increase of the auxin content 
in the lower part of the root. The auxin is possibly not identical with IAA. 
The visible result is the positive curvature. At the same time the geoelectric 
effect causes an increase of the unknown process in the upper side of the 
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root, resulting in a negative response. This is manifested as two negative 
curvatures at different times after the start of the stimulus (43). The nature 
of the process in the upper side of the root cannot be decided at present, 
but the fact that it can be affected by PhIBA points to some sort of hormone 
regulation. Here only further investigations may give an answer. 


The fact that the negative reactions seem to be located to the same group 
of cells but take place at two different stages of their development makes it 
probable that they can in some manner be connected with the two phases 
of the elongation process in wheat roots (10, 13). 

Attempts have been made to connect the plagiotropic behavior of the roots 
with the geotropie responses. As to the plagiogeotropism of radially built 
organs, most investigators have accepted the concept of an interaction be- 
tween two factors (4, 40, 50, 52, 53). One of the factors corresponds to the 
orthogeotropism, while the other one is characterized by a slower action. The 
latter has sometimes been called epinasty, sometimes a reaction with a long 
reaction time. Lundegärdh (31) and Metzner (35) also include tonic in- 
fluences. In lateral roots the positive orthogeotropism is counteracted by a 
later appearing negative factor (30, 31). 


The present experiments agree with earlier interpretations of the plagio- 
geotropism. As the experiments have been only semi-quantitatively recorded, 
no conclusions as to the existence of tonic influences can be drawn. 


Summary 


The influence of indole-3-acetic acid (IAA), a-indole-3-isobutyric acid 
(IIBA) and a-phenylisobutyric acid (PhIBA) on the geotropic reactions of 
wheat roots is investigated. 

IAA depresses the positive reaction and prolongs its reaction time. Both 
effects can be traced back to an effect of IAA upon the cells in the elonga- 
tion zone. IIBA weakens the positive reaction, and with a high supply of the 
substance the reaction is reversed to an upward curvature. The negative 
geotropic response existing in untreated roots seems to be unaffected by IAA 
and IIBA. 

PhIBA inhibits the normal negative response, which is manifested in the 
genesis of even positive curvatures when the roots are placed horizontally 
and as orthotropically growing roots when planted vertically. 

A possible explanation of the initiation of the geotropic reactions of wheat 
roots is presented. It is founded upon a change of the intensity of two growth- 
regulating processes in the roots due to the geoelectric effect. 
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I. Introduction 


In earlier investigations (Almestrand 1949 and 1950 a) the author has 
treated the difficulties in obtaining continuous growth of isolated roots of 
barley and oats. Continuous growth was not obtained due to the fact that 
no new divisions took place in the meristem cells. The cell elongation, how- 
ever, seemed to go on rather normally in most cases. Extensive studies with 
isolated wheat roots (Almestrand 1950b) indicated that pyridoxine had a 
strong effect on the cell divisions of this species, for if it was omitted from 
the medium, the wheat roots assumed the same tapering appearance as has 
been described for the barley roots (Almestrand 1949). Isolated roots of rye 
were not influenced by pyridoxine. In repeated studies on the effect of pyrid- 
oxine on the growth of isolated wheat roots (Almestrand 1951), roots of dif- 
ferent strains showed varied response to additions of pyridoxine. 

Although the effect of a great number of different factors on the growth 
has been studied the author has not succeeded in obtaining continuous growth 
of isolated roots of barley, oats, and wheat. The root tip excised from the 
wheat seedling, however, had normal growth for some time, but transfers 
could not be made. On the other hand, isolated rye roots showed continuous 
growth for several months by repeated subcultures of meristems both from 
the main tip and from laterals, if yeast extract was supplied to the medium. 
Roberts and Street (1955) independently obtained similar results, finding 
that the rye roots required a growth factor, which appeared to be tryptophane 
activated by autoclaving; but the positive growth effect was not due to formed 
IAA. The culture technique described by these authors, however, only allowed 
the establishment of clones from about 10 per cent of the grains of the rye 
sample used, and it also failed to establish excised root-clones from other 
cereals tested. The results coincided with ours. Yeast extract had no such 
favourable effect on wheat roots. 

The results reported here indicated that there must be differences between 
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the cereals studied, and thus the source of the inability of growth could not 
be the same. 

Roberts and Street (1955) have given a survey of the literature on isolated 
grass roots, and there is no reason for giving a new survey here. It is remark- 
able that obviously many results have never been published, as they have 
not been positive. This is evident, e.g., from the references given by Bonner 
and Bonner (1948). These authors report that roots of corn, wheat, rice, Poa 
species and of other monocotyledons have been studied. In most cases the 
roots have grown rather normally immediately after the isolation, but have 
stopped with the first transfer. The lacking factor has not been isolated from 
yeast extract, endosperm, leaves, seedlings, and so on. It is regrettable that 
so little has been published on these negative studies on isolated roots of 
monocotyledons, for knowledge of the failures would have saved much time 
for other researchers. As late as in 1951 Robbins stated that potentially un- 
limited growth has not been obtained for the roots of any monocot or cucur- 
bit and the roots of many woody plants had also proved to be refractory 
(Robbins 1951). 

À root is a heterotrophic organ from several points of view. This holds 
true both for the supply of carbohydrates and growth factors. Therefore 
naturally many processes are disturbed when a root tip is excised from the 
plant and transferred to the sterile medium. The growth of the root depends 
upon its ability to synthesize vital metabolites. As regards the provision with 
carbohydrates for the respiration and the cell walls, the excised root must 
absorb sugar from the medium via the epidermis. This type of provision with 
carbohydrates is unnatural, for in the intact plant the assimilates flow via 
the phloem down to the root. The mechanism of this sugar absorption by the 
root cells is still rather obscure. Further there is the problem of whether the 
roots can take up sugar in sufficient amounts or not. 

The root is the organ which normally takes up salts from the medium, 
and a priori no difficulties ought to exist for isolated roots. As the absorption 
of anions, however, seems to be coupled with the respiration and this, in 
turn, is dependent upon the supply of respiration material, it is evident that 
it can be very difficult to find out the primary cause of the growth inability. 

As to wheat seedlings it is known that the nitrate reduction takes place 
partly in the roots and partly in the leaves (Burström 1946), and naturally 
other processes can be localized either in the leaves or in the roots. If it is 
true that a certain process of the metabolism is carried out in the leaf or 
endosperm, then a priori it would be impossible for the excised root to grow, 
providing it is not a case of simply adding a metabolite to the medium. Then, 
however, the problem arises of whether the roots are capable of absorbing 


the substance. 
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A root with the ability of growing continuously in a synthetic medium, as 
is the case with the tomato root, must, of course, be able to absorb sugar 
and salts for further use in the metabolism. Vitamins, e.g., thiamin, pyridoxine 
and niacin, however, have to be added and sometimes amino acids, e.g., 
glycine, which indicates that the nitrogen provision is inadequate. 

The roots of cereals have been the most common object for extensive stu- 
dies of different types, e.g., on ion absorption and other processes in the 
metabolism. The original intention of this investigation was the study of 
such a problem using sterile cultures under controlled conditions. From the 
beginning, however, the problem of the growth inability of the roots arose, 
and the aim of the study had to be altered. 

The preliminary studies on barley and oats indicated that no known 
nutrient or growth factor was found capable of maintaining meristematic 
growth. Thus profound changes seemed to occur in the metabolism of the 
root tip as a result of the excision. The growth behaviour of wheat and rye 
showed a somewhat different situation. These roots were able to grow, form 
dry matter, absorb nitrate, assimilate nitrogen, and so on. Thus the latter 
roots seemed to have a rather complete metabolism for their vital processes. 
However, something must have been lacking, as transfers could not be made 
with wheat roots. For the roots of barley and oats, on the other hand, the 
endosperm and later on the leaves seemed to be of decisive importance. 

The studies on the cessation of growth of isolated roots have generally 
comprised only descriptions of the appearance of the roots and discussions 
on the effects of different growth factors. On the other hand, there are only 
very few studies on the changes in the metabolism during the growth and 
attempts to elucidate which processes are discontinued and thus are the 
cause of the inhibition of cell multiplication. This is also applicable to such 
a thoroughly studied object as the tomato root. 

The present paper is an attempt to extend the study of the growth behaviour 
of isolated cereal roots beyond what has generally been the case by inves- 
tigating certain features in the metabolism. Thus it comprises investiga- 


tions on ion absorption, carbohydrate metabolism, protein synthesis, and 
respiration. 


II. Material and Methods 


1. Material 


The cereals used in this investigation have been barley (Herta), oats (Bambu), 
wheat (Eroica), and rye (Petkus and Kungs), all obtained from AB Weibulls, Lands- 
krona. As the studies have been extended over a rather long period, it has naturally 
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not been possible in all experiments to use seeds from one crop. Therefore differences 
may possibly be found in the results depending upon the heterogeneity of the experi- 
mental material. Thus Eroica wheat, which has been used as the standard material 
in this institute for several years, is no pure line. That roots from different crops 
can behave differently has been established in the case of their reaction to pyridoxine. 
In a previous paper (Almestrand 1951) the problem of the reaction of different wheat 
strains to pyridoxine was treated. Excised tips of Eroica wheat ceased to grow after 
a week in pyridoxine-deficient medium as the cell divisions stopped. In new experi- 
ments performed on new material it appeared, however, that the deficieney symp- 
toms were less marked. As regards barley and rye, American strains (kindly placed 
at our disposal by Prof. Folke Skoog, Madison, Wisc., U.S.A.) have also been tested. 
The purpose was to obtain better material than the Swedish one, which always 
seemed to be greatly infected by fungi and was difficult to sterilize. The material 
obtained from U.S.A. was the barley variety Atlas, which was of very good quality 
without infections; the rye from Old’s Seed Company, Wisconsin, on the contrary 
was so fungi-infected that it was of no use. Any growth differences between Atlas 
and Herta barley could not be established. As control experiments were performed 
in every experimental series and the comparisons are mostly made within every 
series, the possible effect of seasonal variation in the material is naturally 
diminished. 


2. Experimental Methods 


The main features of the methods have already been described by Almestrand 
(1949). The seeds were still sterilized by treatment with calcium hypochlorite solu- 
tion (made by shaking 40 g. caicium hypochlorite for 10 minutes in 1 litre of water 
and filtering the solution) for about 12 hours. By this procedure aseptic seeds were 
generally obtained from oats and wheat but not from barley and rye, which material 
sometimes caused great difficulty. Very often the experiments on barley and rye had 
to be repeated several times on account of infections in the cultures. The time for 
the treatment could not be increased, as then the germination diminished. 

The eultivations were performed in narrow-necked Erlenmeyer flasks of 100 ml. 
containing 20 mi. nutrient media. In the growth experiments each flask contained 
4 roots, while in the experiments on metabolism each flask contained 20 roots. In 
the latter case the root tips excised from the seedlings were placed in a micro beaker 
in 5 ml. of sterile water. When 20 root tips had been gathered in the beaker, the 
total content was poured down in an Erlenmeyer flask. By this means a dilution of 
the medium took place, but it was assumed that this roughly compensated the 
evaporation caused by the autoclaving. Therefore no corrections were made for pos- 
sible changes in the concentration. The autoclaving of the nutrient media was gener- 
ally performed by heating to 0.5 atmosphere for 20 minutes. In cases when there was 
reason for assuming a thermic decomposition of a substance, the sterilization was 
carried out by sterile-filtering using membrane filter, size “fine”, from Membranfilter- 
gesellschaft, Sartoriuswerke, A.-G. & Co., Göttingen. The filters had a diameter of 
35 mm. and were stored in 20 per cent alcohol. The filters could generally be used 
several times. The procedure was carried out in a so-called Thiessen apparatus by 
vacuum filtration. 

In chapter VI: 4 some experiments are discussed which have been performed with 
intact sterile seedlings. These were cultivated according to the following method, 
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which also has been used and further improved by Eliasson (1955). In a wide-necked 
Erlenmeyer flask of 1000 ml. in volume a glass tube of about 40 mm. in diameter 
and 250 mm. in length was fixed by means of cotton wool. The lower end of the 
tube was covered with cloth with perforations of 2 to 3 mm. The upper end was 
closed by a stopper of cotton wool perforated by a thin glass tube for aeration. On 
the cloth the seedlings, germinated under sterile conditions, were placed and the 
roots grew down into the medium, the volume of which in these experiments varied 
between 100 and 300 ml. 

The sterile operations took place in a sterile room, where the air for 30 minutes 
before the start of the work had been irradiated with UV light from a sterilamp 
(Type Westinghouse). Irradiation was never used during the work. Infections result- 
ing from the inoculations seemed to be very few, and most of them were certainly 
due to inefficiency in the calcium hypochlorite treatment. Probably the fungi spores 
situated deep in the tissue could not be reached and destroyed by this substance. 

The roots were cultivated in a room with constant temperature at 25+1°C in 
darkness, except when the experiment was controlled. The total time of illumination 
was brief. 

The basal medium has been the same as the one previously used, composed by 
Burström (1941 a). The salts have been pro analysi, if not otherwise stated. The 
redistilled water used was obtained either by redistillation of common distilled water 
in a Pyrex glass apparatus or by direct double-distillation of tap water in a distilla- 
tion apparatus of quartz according to Heraeus. 

The following information may be given in regard to the analytical methods. 
The fresh weight was determined by weighing after the roots had been wiped off 
with filter paper. The dry matter was obtained after drying first at room temperature 
and then for a short time at 105°C. The glucose analyses were performed according 
to Philipson (1943). For the determination of glucose in the roots the following 
procedure was used. The roots were ground carefully in a mortar and mixed with 
water. The solution was boiled for 15 minutes, the proteins precipitated with lead 
acetate and the excess of lead precipitated with sodium carbonate. After filtration the 
glucose in the filtrate was analyzed according to Philipson. The phosphate determina- 
tions were performed according to Scheel (1936), the nitrate determinations accord- 
ing to Burström (1942), the potassium determinations were made in a Beckmann 
flame spectrophotometer, and the determinations of total organic nitrogen were 
performed according to Pregl (Lieb 1931). 

Each experiment generally comprised 5 cultures and 1 control. Thus in the results 
from the growth experiments the average of 20 roots is given, while the results from 
the experiments on metabolism represent the averages of 5 double determinations. 
In the results from the growth experiments only the increase of the main axis is 
given. It was found that there very often existed an inverse relation between the 
length of the main root and the length of the laterals. When the growth of the 
main tip ceased, very often one or several laterals took over the growth. Therefore 
short main roots often had longer laterals than main roots growing rapidly. In each 
experiment always a few roots with very reduced growth appeared, caused by some 
unknown factor. These roots have been excluded from the determinations of the 


growth, but naturally they play a certain role in the results from the investigations 
on the metabolism. 
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III. Effects of Environmental Conditions 


The first problem to study in analyzing the reason of the growth inability 
of the isolated roots is the possible effect of the environmental conditions, 
i.e., these conditions must be optimal. Below these factors will be discussed 
very briefly. 


1. Temperature and Light Conditions 


The standard temperature has been 25°C, as already mentioned. This 
environmental factor has not been subjected to special investigations beyond 
those already treated by Almestrand (1949). According to White (1943) the 
optimal temperature for isolated roots generally lies between 25 and 30°C. 
Likewise no special investigations have been performed on the growth reac- 
tions of the roots to light. Torrey (1952) found that the growth of isolated 
roots of Pisum was retarded by white light (cf. Segelitz 1938). In summariz- 
ing it may be said that it seems rather improbable that the growth inability 
could be caused merely by unsuitable light and temperature conditions. 


2. Physical State of the Medium 


In earlier cultivations of isolated grass roots solid nutrient media often 
were used (cf. Fiedler 1936—37, McClary 1940), namely agar in concentra- 
tions from 0.5 to 1.5 per cent. Fiedler (/.c.) found that roots of maize which 
sank to the bottom became thick and exhibited a well developed cortex. 
Kandler (1953 a) stated that in sterile cultures of the same species the growth 
was inhibited in fluid medium, but the dry matter increased markedly. 
Fiedler’s medium has been used by the present author without positive effect. 
Comparative experiments with isolated roots of lupin gave relatively good 
growth, and thus it seems as if the results established with roots of barley 
and oats can hardly be caused by generally unfavourable properties of the 
medium. 

The difference between solid and liquid media have been studied carefully 
by Gautheret (1950) and Heller (1953) as regards tissue cultures. Both stated 
that the liquid medium was toxic. White already noticed the phenomenon in 
1939 and thought that the growth inhibition was due to asphyxia. Gautheret, 
on the other hand, was of the opinion that the contact with water produced 
the growth decrease. He emphasized that the growth difference was affected 
_ by changes in the water status of the tissue. Heller (1953) discovered that 
even if the tissue fragments are situated on the surface of the liquid there is 
a diminution in the growth, which was removed if the surface was covered 
with a thin layer of agar. Heller therefore thought that the contact between 
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the tissue and the agar was the source of the growth acceleration and attri- 
buted the result to the colloidal structure of the agar and not to organic 
compounds, as similar phenomenon appeared with silica gel. Thus there 
seems to be no doubt that agar has a favourable effect on tissue cultures, 
even if the intimate relationship still is rather obscure. Raggio and Raggio 
(1956) found no pronounced differences in growth between isolated roots of 
Phaseolus vulgaris in liquid and solid media. In regard to the results the 
present author has arrived at, it is obvious that the mere contact between 
root and agar had no effect on the roots of barley and oats, for both experi- 
ments with roots lying on the surface or inserted in the agar were without 
result. 


In this connexion it must also be reported that the osmotic value of the 
medium had a very insignificant influence on root growth. In an experi- 
mental series this factor was varied by addition of mannitol to the medium in 
concentrations from 0 to 0.2 M together with glucose in 0.05 M, except one 
experiment without glucose. The significant growth differences in all species 
were found between media without and with glucose, while the mannitol 
concentration had very low effect. 


3. Aeration 


The hypothesis proposed by White (1939) that liquid medium inhibited 
the respiration by oxygen deficiency leads directly to the problem of the 
oxygen concentration as a restrictive factor for the growth of the root. 
Several researchers have worked on the problem of oxygen supply of isolated 
organs. Fiedler (1936—37) found a positive growth effect on maize roots by 
aeration. Brown and Sutcliffe (1950) studied the elongation of root segments 
and stated that aeration was necessary for continuous growth. The aeration 
was produced by shaking. These authors also investigated whether the growth 
was diminished by mechanical stirring and compared shaken segments with 
those cultivated on sintered glass discs. The methods agreed rather well, 
but the shaken segments were a little longer. Kandler (1951) and Kandler 
and Eberle (1955) stated that satisfactory growth of isolated roots of Zea 
was obtained only in cultures placed on a shaking table resulting in improved 
aeration. Audus and Garrard (1953) made comparative experiments with 
shaking of sections of Pisum roots and found that shaking, which in this 
case was very slow, promoted growth. A closer analysis of the problem 
indicated that the most obvious effect of the shaking was that it faciliated the 
utilization of sucrose. The experiments lasted for only 48 hours and the 
greatest response appeared during the first 12 hours. Fujiwara and Ojima 
(1954) reported from investigations on isolated wheat roots that a small 
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volume of liquid improved the growth, presumably through better aeration. 
Raggio and Raggio (1956) found an improvement in the growth of Phaseolus 
roots by shaking. 

On the contrary McClary (1940) established that aeration had no stimulat- 
ing effect on isolated maize roots. Normally there seems to be no aeration dif- 
ficulty in the cultures of tomato roots when the volume of the nutrient 
media is 50 ml. in a flask of 100 ml. volume. In the cultures of the present 
investigation only 20 ml. medium were used forming a layer 5 mm. thick on 
the bottom of the flask. It was assumed that the oxygen dissolved was suf- 
ficient for the oxygen supply. The flasks were generally shaken every day 
and there was a certain gas exchange through the cotton wool stopper. These 
were never covered with tin foil as Gautheret (1942) recommended for his 
tissue cultures in order to reduce the evaporation. 

The aeration problem has been studied both by bubbling of sterile oxygen 
through the cultures and by using the shaking method. In this case a 
shaking table was used, constructed by Algeus (1951) in this laboratory 
for algal cultures. 

a. Bubbling of oxygen. In the stoppers capillary tubes were inserted pro- 
vided with bacterial filters made of a glass tube with cotton wool. The 
cultivations were performed both in 0.05 and 0.02 M glucose. The resulis 
from the latter experiment are given in Table 1. The root lengths of barley 
and oats showed no differences between non-aerated and aerated media. The 
wheat roots, however, were slightly inhibited and the rye roots slightly in- 
creased. As regards barley and oats no differences were to be found in fresh 
weight, dry matter, organic nitrogen, and glucose absorption. The fresh 
weight and dry matter of the wheat were largest in non-aerated media, but 
the glucose absorption was greater in aerated ones. Rye, on the contrary, 


Table 1. The influence of oxygen treatment on the growth of isolated cereal roots cultivated 
for 10 days in darkness at 25°C. Original glucose concentration: 0.02 M. 
The values are given per 20 roots. 


5 Increase in _| Absorption 
a n To — 
Species ni Root Fresh Dry Organic of glucose | OE 
length mm. | weight mg. | matter mg. |nitrogen mg. mg. 
ees 20 + 1.4 54 3.5 0.09 9.2 0.38 
FC RE 204 1.4 46 3.2 0.09 | 7.9 0.40 
a 5,30, im nie 1.0 E27 US bia a5 0.17 
a ais 20-16 | 14 1.1 — 0.03 5.60 | -0.18 
air 93432 128 9.5 0.19 17.6 0.54 
‘Si es eee 79448 | 58 3.6 0.21 23.8 0.15 
= Es NL #102 4.1 0.17 18.4 0.22 
ARG + 85 43.8 : 134 7.1 0.18 24.1 0.32 
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exhibited a greater increase in fresh weight and dry matter in aerated that 
in non-aerated ones. À comparison with aerated solutions with 0.05 M glucose 
gave no positive growth results, but the growth of the wheat roots was still 
more inhibited. The roots in the oxygen-treated cultures were generally thin- 
ner than the untreated ones, and they had very good formation of root hairs. 
No injuries due to the stirring by aeration could be observed. 

b. Shaking of the cultures. In this experiment the effect of the shaking 
was studied only on wheat roots, but it included several treatments as the 
effects of the three vitamin B, homologues, pyridoxine, pyridoxamine, and 
pyridoxal, were also observed. The experimental results are given in Table 2. 
It was obvious that the root length of the shaken cultures was only about 
50 per cent of the unshaken ones. During the same time the substance pro- 
duction was less, and the same holds true for the increase in organic nitrogen. 
The uptake of nitrate, not represented in the table, showed only a slight 
decrease in the shaken cultures. This means in comparison with the figures 
for the organic nitrogen that the nitrate reduction must be decreased by shak- 
ing the roots. In the controls lacking vitamin B, the absorption of glucose 
was the same in both types of treatment, but as for the rest it was consider- 
ably higher in the unshaken ones. The economic quotient Q. was higher in 
the unshaken cultures, and thus the glucose could be better utilized for the 
building of cell elements. Possible influence of shaking on respiration was 
not studied. 

From the data presented here it is evident that the shaking had no favour- 
able effect on the growth of isolated wheat roots, which result does not 
agree with those found by Kandler and others. The explanation is possibly 
to be found in differences in the intensity of shaking and that roots might 
be injured by too intense a movement and their metabolism disturbed, as 


Table 2. The influence of shaking treatment on the growth of isolated wheat roots cultivated 
for 10 days in darkness at 25°C. Original glucose concentration: 0.02 M. 
The values are given per 20 roots. 


eh ae = u Increase in = En | Absorption 
Treatment x 2 h 
king Root Fresh Dry Organic | Of glucose | Q, 
length mm. | weight mg. | matter mg. |nitrogen mg. mg. 
— 89 + 7.0 169 12.6 | 0.21 | 18.7 0.67 
Control ah ae 
+ 44 + 1.7 82 ba 0.09 19.1 0.27 | 
Pyridoxine _ 115 + 8.2 199 13.8 | 0.21 | 28.8 0.48 
0.05 mg./l. -- 61 + 2.4 94 5.1 0.13 | 17.6 0.29 
| | | 
Pyridoxamine — | 124 + 8.3 184 13.0 | 0.21 | 27.0 0.48 
0.05 mg.!l. -+- 59 + 3.7 87 4.7 0.08 16.0 0.29 
Pyridoxal — | 112+6.3 | 181 | 11.5 0.20 l 30.2 0.38 
0.05 mg./l. + 61 + 1.9 119 É 6.7 0.14 | 18.7 | 0.36 
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seems to be the case here. No obvious destructions of the roots could be dis- 
covered in the author’s experiment, however. No studies were performed in 
order to elucidate the effect of varying shaking intensity. From the report by 
Audus and Garrard discussed above, however, it is clear that only 2 oscilla- 
tions per minute were used in order to avoid damage. As was earlier men- 
tioned, the largest growth response appeared during the first 12 hours and 
naturally it is possible that the differences in growth would change when the 
experiment was extended over 10 days, as is the case in this investigation. 

Too intense a shaking might also disarrange the protoplasm and in this 
way produce growth disturbances, a problem, very little studied hitherto. 
The shaking procedure is in reality a very complicated problem embracing 
many unknown factors, such as the change of the relation between the 
amounts of oxygen and carbon dioxide in the medium and the change of the 
enzyme activity. Disturbances of this type seemed to have taken place in 
the experiments performed here (cf. Table 2). 

The observations from the aeration studies performed here seem to exclude 
the possibility that the growth was retarded by too high a carbon dioxide 
level in the medium. Bergmann (1954) was of the opinion that this compound 
was the only root growth-regulating factor of importance. 

In summarizing the results it can be stated that an increased oxygen con- 
centration in the medium, produced either by bubbling with oxygen or by 
shaking did not improve the root growth of the species cultured in this 
investigation. Thus an oxygen deficiency could not be the cause of the growth 
inability of barley and oats. 


IV. Effects of Growth Factors 


This heading covers a number of substances of different constitution, 
which are known to affect the growth in different manners. In order to study 
the course of the growth inability of the cereal roots, it is natural that a good 
deal of experimental work was expended in trying to find such a factor. 

In penetrating this problem it was important to investigate whether the 
roots exuded some growth-inhibiting factor or not. It is well known that the 
roots exude a number of substances of different nature and some of these 
have growth-inhibiting effect, e.g., B-alanine. This is also apparent from the 
results in Table 3, which illustrates the behavior of isolated wheat roots. 

Further Street et al. (1951) with tomato roots and Kandler and Fink (1955) 
with Fraxinus embryos showed that the nutrient medium used developed an 
inhibiting property during the course of the cultivation. Thus new-inoculated 
embryos died in used media, even if the nutrients were renewed. 
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Table 3. The influence of B-alanine on the growth of isolated wheat roots. 


ß-alanine mg./l | 0 | 1 | 5 | 10 | 


| Root growth mm. | 78 + 3.6 | 63 + 7.8 | 48 + 4.5 


Table 4. The influence of the volume of the medium on the growth of isolated roots of oats. 
RS I See 


Volume of the medium in ml. | | 100 | 250 


Root growth mm. keg 21 + 1.6 | 18 + 1.1 | 36 + 5.7 


| 
| 
| 
| 
If the growth inability depended upon such a condition, there was theoreti- 
cally the possibility that the checking of growth would be less if the con- 
centration of the inhibitor were diminished. 
Three different methods could be used for this purpose: 
a. by increasing the volume of the media. 
b. by decreasing the number of roots in a culture from the normally used 
number of four to only one. 
c. by changing the medium often, e.g., every day or by using flowing 
nutrient solution. 


All methods have been studied carefully in repeated experiments, of which 
one is represented in Table 4. Every flask contained only one root. After 
10 days of cultivation there were no meristem cells left in the media of 20 and 
100 ml., and the apices exhibited initiation of laterals. In the cultures of 
250 ml. medium the appearance of the roots was very varying. There were 
very short roots but also those which had elongated well with a final length 
of 80 to 90 mm. These roots were very thin and translucent and exhibited 
no sign of normal growth at all. Sometimes a volume of 500 ml. was em- 
ployed without more success. Thus it could not be proved that the cessation 
of growth was influenced by some exuded inhibitor. If an inhibitor was 
_ formed in the roots which was not exuded these culture methods naturally 
could have no effect. 

Assuming that the roots needed some hypothetical growth factor synthe- 
sized in the endosperm or in the leaves, it was natural to try to isolate this 
factor from these materials. Such experiments have already been described 
by Almestrand (1949 and 1950 a), but no positive growth effect was obtained. 
On the contrary inhibitions very often appeared. Thus even if there were 
growth-stimulating substances in the extracts, their effect was concealed by 
co-existent inhibitors. 

In order to solve this problem by reducing the possible influence of sub- 
stances of the last-mentioned type, the following method was tried. Seedlings 
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of barley and oats were cultivated in photothermostats. When the leaves had 
attained a length of about 70 to 80 mm. they were cut off and placed in Erlen- 
meyer flasks containing the common nutrient medium with the excised end in 
the solution. The flasks were exposed to strong light for several hours with 
the intention that possible substances formed would diffuse into the medium. 
This was then sterile-filtered and distributed into sterile flasks, which were 
inoculated with root tips. These experiments, however, were without positive 
results, as no effect on the growth could be noted. Naturally even in this 
case there was the risk of exudation of inhibitors from the leaves, e.g., auxin. 
No studies with the addition of antiauxin were performed in this case. 


1. Yeast Extract 


It is a well-known fact that in yeast extract there are a number of sub- 
stances, which are able to influence the growth of isolated roots. Tests 
of several samples of yeast extracts as Difco and others and of different 
commercial dry yeast preparations had earlier shown that these had no effect 
on roots of barley and oats (Almestrand 1949). Burström (1941 a), how- 
ever, reported a very good and uniform growth of isolated wheat roots 
when using a commercial yeast extract, Cenovis. It is now out of production, 
but a sample still available in our laboratory could be employed by the 
author. The results from these investigations are given in Figures 1 and 2. 

On isolated roots of barley and oats no positive growth effect could be 
established, and the wheat roots were even inhibited. The rye roots, on the 
contrary, seemed to be stimulated in a concentration of 5 mg. per litre up to 
50 mg. Thus in yeast extract there must be some factor of importance for the 
growth and metabolism of rye. 

Because of these results subcultivation experiments were started with rye. 
The basic medium was used with 0.05 M glucose and 5 mg. Cenovis per litre 
in single root cultures. The subcultivations were performed once a week by 
excising the main tip or a lateral. The experiment was only qualitative with 
no exact growth measurements. During the course of the experiment a cer- 
tain selection in the material took place. Thus some roots became thin as the 
cell divisions stopped and the elongation continued. The growth of these 
roots stopped after one or two subcultures. The other type of roots retained 
their larger diameter, continued to grow and were subcultured for more than 
half a year. The increment in length amounted to about 10 mm. a day. 
These results seem to support the statement that continuous culture of rye 
was obtained. As similar results had not been obtained with any of the other 
species, there appeared to be special conditions for the rye roots. There 
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Figure 1. The influence of Cenovis yeast Figures 2. The influence of Cenovis yeast 
extract on the growth of isolated cereal extract on the growth of isolated cereal 
roots. Glucose concentration 0.05 M. Cul- roots. Glucose concentration 0.05 M. Cul- 
tivation time 15 days. The signs used in this tivation time 10 days. 


figure will be used in all future figures. 


were likewise differences between clones from different roots, as also was 
stated by Roberts and Street (1955). 

The selection phenomenon here observed is interesting and has very sel- 
dom been described in the literature, although it apparently must have been 
encountered very often in the cultivation of isolated roots. Roberts and Street 
(1955), as already mentioned, have reported it from their rye root cultures, 
but otherwise the problem has not been discussed. The lacking growth ability 
of some subcultivated roots has probably been ascribed to damages from the 
inoculation and so on. Naturally this has sometimes been the case, but it is 
necessary to keep in mind that there are always genetic and physiologic 
differences in the material between different strains (c/. Skinner 1952). Such 
ideas stimulated the author to investigate a great number of strains of barley 
and oats in order to see whether some strain was capable of growth, but with- 
out success (Almestrand 1951). 


2. Coconut Milk 


Coconut milk is one of the natural sources of growth substances studied 
very intensively in the last years. The use originates from the successful 
results of van Overbeek et al. (1941) in embryo cultures of Datura. Literature 
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reviews on this subject are given by Mauney et al. (1952) and Rappaport 
(1954), from which it is evident that a number of researches have obtained a 
marked growth effect on a great number of test objects. 

Steward and Caplin (1952), who have studied the activity of coconut milk 
very carefully, state that a similar activity was to be found in the endosperms 
of Zea in milk stage, in the gelatinous content of immature fruits of Juglans 
and in the young gametophyte of Ginkgo biloba. They also tested other 
monocotyledonous fruits, namely oats, wheat, rye, and barley, and from 
these investigations the authors assume that the period after fertilization of 
these plants, when growth factors are present, is so short that it is difficult 
to find the most effective stage. 

Coconut milk is of a complex constitution and very intense studies have 
been made in order to isolate the active principles by several authors, e.g., 
Mauney et al. (1952) and Steward and Shantz (1955). The first-mentioned 
authors found most of the activity in the flesh. According to the latter authors 
there are two groups of active substances in coconut milk, namely: 


a. a group of proliferative or cell-division-inducing substances which possess 
certain general physical properties in common. 

b. a group of specific nitrogenous substances, the effect of which is partially 
obtained by casein hydrolysate or by mixtures of known amino acids. 


There are different opinions as to the most suitable age of the coconut (cf. 
Overbeek et al. 1941, and Mauney et al. 1952). This means that it can be 
difficult to find the most growth-promoting stage, if only a few coconuts are 
available. 

Investigations on the effects of coconut milk on isolated roots seem to be 
very few, and as far as the author is aware only two papers have been pub- 
lished on this subject hitherto, namely by Naylor and Rappaport (1950) and 
by Chapman (1956). The former reported that coconut milk was ineffective 
in stimulating pea roots and the latter found it incapable of promoting con- 
tinuous growth of excised potato tuber tips, and sometimes it was growth- 
inhibiting. 

The present author has performed a few experiments for studying the 
interrelationship between coconut milk and the growth of isolated cereal 
roots. The nuts used were sent by air from Florida through the kind media- 
tion of Prof. F. Skoog, Wisconsin and seemed to be in a rather good condi- 
tion and stage. The experiments were carried out on two different occasions 
with different coconuts and included both autoclaved and sterile-filtered 
media. Several concentrations of milk were tested. Steward et al. (1952) 
reported that the optimal coconut milk concentration for carrot tissues was 
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COCONUT MILK % COCONUT MILK % 
Figure 3. The influence of coconut milk on Figure 4. The influence of coconut milk on 
the growth of isolated cereal roots in the growth of isolated cereal roots in 
autoclaved media. Glucose concentration sterile-filtered media. Glucose concentra- 
0.05 M. Cultivation time 12 days. tion 0.05 M. Cultivation time 10 days. 


15 per cent by volume, but remarked that milk from different batches of 
nuts varied markedly. 

a. Autoclaved medium (Figure 3). The highest concentration amounted to 
10 per cent, which must be regarded as one of those generally used for cul- 
tures of embryos and tissues. Therefore it seems curious that the milk had 
only inhibiting effect. Even in such a low concentration as 1 per cent the 
roots were not well affected and especially the wheat roots developed an 
increased number of laterals coupled with a simultaneous decrease in the 
activity of the main meristem. 

b. Sterile-filtered medium (Figure 4). In this case there appeared a slight 
growth increase with wheat and rye. As to wheat the optimal concentration 
was about 2 per cent. The rye roots were not inhibited up to 8 per cent. The 
roots of barley and oats were inhibited in all concentrations. This experi- 
ment thus showed that in coconut milk there seems to be a growth factor 
which has a weak growth-stimulating effect on wheat and rye, i.e. these 
species which grew normally in our experiments. Whether it influenced the 
cell-division or the cell-elongation was not studied. This growth-factor did 
not seem to be identical with nor could it replace the hypothetical factor lack- 
ing in roots of barley and oats. There is another alternative, however, which 
always must be discussed in regard to such substances complex as coconut 
milk, namely the occurrence of growth inhibitors. These are able to mask 
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the effect of co-existent growth-stimulators, the presence of which cannot 
be discovered without very close studies. 

From the experiments discussed it is apparent that the effect of coconut 
milk on tissue cultures is separate from its effect on roots. The latter material 
seems on the whole to be more sensitive to growth factors in general and is 
very often inhibited by such concentrations which stimulate tissue cultures. 
Here under the influence of coconut milk new undifferentiated cells are 
formed. It can also be stated that coconut milk is no wonder substance 
favouring all growth. This has in fact already been found by Overbeek et al. 
(1942) and Haagen-Smit (1945). Ziebur et al. (1950) stated that the addition 
of the milk had no positive growth effect on immature embryos of Hordeum, 
which, however, were influenced by Hordeum endosperm placed on the 
medium. According to Steward and Shantz (1955) the interrelationship 
between the different factors in coconut milk seems to be very complicated, 
and it will be interesting to compare the effect of the different pure sub- 
stances when they have been isolated (cf. Shantz and Steward 1955). 


3. Traumatic Acid 


To the natural growth substances affecting cell divisions the so-called 
wound hormones may be counted. Bonner and English (1938) and English 
et al. (1939) described the isolation and crystallization of a substance, which 
they called traumatic acid, 1-decene-1, 10-dicarboxylic acid, active in the 
bean-pod test in a concentration of 10 mg. per litre. It also produced an 
intense wound periderm formation in washed discs of potato tubers. Bonner 
(1936) discussed the role of wound hormones in in vitro cultures of plant 
tissues. 

PAL Chemicals LTD., London, manufactures such a wound hormone, 
trans-traumatic acid HOCO(CH,),CH=CH COOH, M.W. 228, M.P. 165— 
166°C, which was tested for possible cell-division effect on isolated roots. 
The experiments were performed in sterile-filtered nutrient solution with 
0.05 M glucose. The results are given in Table 5. Trans-traumatic acid had no 


Table 5. The growth of isolated grass roots cultivated for 10 days in varied concentrations 
of trans-traumatic acid. 


Cone. of trans-traumatic acid mg./l. 
Species . à Bag In En se u 
0 | 5 | 10 | 15 
Barley MIE 0:68 | 21 + 1.2 | 16+ 0.4 18 + 1.0 
Oats 22 + 1.4 | 23 + 0.8 15-+ 1.1 21 + 1.6 
Wheat 73+6.0 | 54+ 5.0 | 72 + 10.3 | 61 + 2.9 
Rye 57 43.0. | 433.17 |: 42 273.4 42 + 3.6 
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positive growth effect on any of the species, but, on the contrary, acted 
inhibitingly. The roots showed no morphological differences in the concen- 
trations used here. The substance must undoubtedly be regarded as very 
specific. This is also indicated by the statements from the literature, namely 
that it works only in combination with such co-factors as sucrose and gluta- 
mic acid (Frear 1950). Recently Keller (1957) reported a slight inhibition by 
traumatic acid in growth and mitose frequency in root tips of Vicia faba. 


4. Vitamins 


The vitamin B-group. Most of the vitamins of the B-group have been tested 
both singly and in combination, namely B,, B,, nicotinic acid and niacin, 
pantothenic acid, B,, biotin, folic acid, inositol, p-aminobenzoic acid, 
and choline. 

It has long been stated that not only isolated roots of monocots were un- 
able to grow but also tissues of monocots in general. Morel and Wetmore 
(1951), however, succeeded with a method for tissue culture of Amorpho- 
phallus Rivieri Dur. This was cultivated on a medium given by Gautheret 
(1942) supplemented with most of the components of the vitamins of the 
B-complex and besides naphthalene acetic acid (NAA). The tissue fragments 
grew, but some gradually ceased. By addition of milk from green coconuts 
all cultures, however, developed very rapidly. The growth in milk from 
mature coconuts was less. 

The above-mentioned medium without agar was used in an experimental 
series with isolated cereal roots and NAA was given in the following amounts 
0, 10-$ and 10~® by weight. A generally small growth was obtained in all 
media. This held true also for the wheat roots, which only had a length of 
40 mm. after 10 days of cultivation in comparison with 100 mm. normally, 
and this was the case even if NAA was omitted. In another experiment the 
concentration of all vitamins was diminished 10 times, but this did not 
cause any improvement in growth. The results showed that the medium used 
by Morel and Wetmore in tissue cultures of monocotyledons was unsuitable 
for roots. Unfortunately it was impossible to study the effect of coconut milk 
simultaneously, as such was not available at the time for the experiment. 

Thiamin. It has been known for a long time that isolated roots of tomato 
and pea require thiamin for growth. In some cases the substance could be 
replaced by the thiazole part, but in other cases both the thiazole part and 
the pyrimidine part were needed (cf. Robbins and Bartley 1937, and Bonner 
1938). The pyrophosphate ester of thiamin is cocarboxylase participating in 
the decomposition of pyruvic acid and thus plays a role in the respiration. 
Thiamin has always been included in the standard medium, but its effect on 
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the roots studied here has been slight or none. That its effect was so insigni- 
ficant could possibly depend upon the inability of the cells to form the pyro- 
phosphate ester. Thiamin is synthesized in the green parts of the plant in 
light, and from there it is transported to the roots. Thus Bonner and Green 
(1938—39) showed that the root tips of pea seedlings, the leaves of which had 
been illuminated, contained more thiamin than those not illuminated. Addi- 
tion of B, increased the growth of both roots and leaves. Thus here seemed 
to be a growth factor which is synthesized in the leaves and transported to 
the roots where it affected growth, even if it has been negative in the present 
investigation. Addicott (1938—1939) found that thiamin increased cell divi- 
sions in the meristems of roots in vitro. Guttenberg and Wiedow (1952) stated 
that thiamin accelerated root growth of isolated Avena embryos. Wightman 
and Brown (1953) studied the influence of thiamin and nicotinic acid on the 
activity of the meristem of isolated pea roots. These authors were of the 
opinion that the effect of the vitamins was localized to mature tissue and 
the increase in cell divisions was a consequence of a supply of metabolites to 
the apex. That this is the case with isolated roots of barley and oats does not 
seem to be very probable, for no changes in the results appeared if the length 
of mature tissue in the roots was increased, as is reported by Almestrand 
(1949). When the velocity of the cell divisions is low, the number of cells 
passing from the non-vacuolated state is relatively greater than the number 
of cells formed and the length of the meristem diminishes. This happened in 
short root tips in the experiments by Wightman and Brown. Ihm (1954) 
obtained a slight improvement in growth if 10 mm. long root tips of Vicia 
faba were used instead of 5 mm. tips. 

On the other hand, Torrey (1954) showed that even root tips with a length 
of only 0.5 mm. were able to carry out synthetic processes necessary for 
the production of new cells, if they were provided with the essential requisites 
of carbohydrate, vitamins, and mineral elements. The theory that differen- 
tiated tissues are indispensible for the normal development of apical meri- 
stems is untenable according to him, for in Pisum roots the mature phloem 
extends to 0.6 mm. from the apex, while the mature xylem begins at 5.0 mm. 

The fact that isolated cereal roots do not react for an addition of thiamin 
might depend upon the following reasons: 

a. the roots have already by excision a sufficient amount of the compound 
or are able to synthesize it for their requirements. 

b. the roots are not able to absorb thiamin from the medium. 

c. cocarboxylase cannot be formed. 


On the basis of the results of other authors it seems rather unlikely that 
the roots are self-providing. This is not the case with most other isolated 
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Table 6. The influence of cocarboxylase on the growth of isolated grass roots. 


oo 


Cocarboxylase mg./l. 
Species ur = e - 
0 | 5 | 10 | 15 
| | 

Barley 23216 22324 | 32 + 1.6 | 29 + 1.9 
Oats | 21+1.7 22 + 1.8 20 + 1. 17 £ 0.9 
Wheat 51 | 93 46 92 + 7.4 
Rye 66 + 3.6 | 82 + 3.0 65 + 5.3 | 87 + 4.8 


roots. Lundegärdh (1943) discussed investigations .on the effects of thiamin 
on intact wheat plants and found positive reaction in both roots and leaves 
if thiamin was added to the medium. He did not work with sterile methods, 
and therefore caution is necessary in judging the results. Addition of vitamin 
B, must affect the microorganisms in a decisive manner, and this is followed 
by changes in the rhizosphere. The results by Lundegärdh indicated that the 
concentration of thiamin was normally below optimum. This was at variance 
with the results obtained by the present author on isolated wheat roots, 
where no growth effect appeared. 

As regards the absorption of thiamin by the roots studied here it seems legi- 
timate to assume that such a process is possible even if there are no direct 
proofs but in analogy with other excised roots. 

In order to investigate case c. regarding the possible inability of the grass 
roots in synthesizing cocarboxylase, two experimental series were performed 
with addition of the compound mentioned. Two different preparations were 
available, the first synthesized in the laboratory according to the method 
given by Tauber (1938) and the second manufactured by Merck, U.S.A. The 
results given in Table 6 refer to the preparation last-mentioned. The media 
were sterile-filtered. . 

The barley roots exhibited a slight increase in length with increasing con- 
centration but this was not due to a meristem effect, which the microscopical 
investigation showed. The oat roots were not affected either. On the other 
hand, both the wheat roots and the rye roots seemed to be stimulated. 

Thus there was a difference in the reaction to an addition of cocarboxylase 
between on the one hand the roots of barley and oats and on the other the 
roots of wheat and rye. As to the two first-mentioned species it can be stated 
that it is not the inability in synthesizing the compound, which is the primary 
cause of the growth inhibition, but some other limiting factor. The roots of 
wheat and rye seem to have a suboptimal cocarboxylase supply. The results 
also indicated that the compound was absorbed by the roots. 

Fries (1953) studied the effect of B, and B, on decotylized pea seedlings. 
He found a smaller effect of B, if it was injected in the plant than if it was 
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supplemented to the roots. This is peculiar, as the first-mentioned method 
ought to be the one most similar to the situation in the normal plant. Illumi- 
nation could not compensate for the effect of thiamin on the roots. Fries’ 
experiments with decotylized pea seedlings did not indicate, however, that 
the shoots of this plant were more capable of forming thiamin in the darkness 
than the roots. 

Pyridoxal phosphate. In the transamination process it is now clearly estab- 
lished that pyridoxal phosphate acts as a coenzyme (Sumner and Myrbäck 
1952. p. 1050). The effect of pyridoxine on the growth of isolated tomato roots 
has recently been studied by Boll (1954 a), who found that the same growth 
effect could be obtained with all the pyridoxine homologues, pyridoxine, 
pyridoxal, and pyridoxamine or in the order of activity: pyridoxal, pyridoxine, 
and pyridoxamine. Thus these roots have a mechanism for metabolizing 
pyridoxine to pyridoxal, which is probably also the case in wheat roots 
(Almestrand 1951). All homologues in the form of chlorides gave growth 
effects on wheat but never on barley and oats. Boll also found that pyridoxine 
partly could be replaced by glycine, but the mechanism was still unclear. 
Vitamin B, plays a role in the condensation of indole and serine to trypto- 
phane, which is a precursor to niacin. In a later paper Boll (1954b) studied 
whether the replacement of pyridoxine is a general property of amino acids. 
It turned out that several compounds were able to replace vitamin B, in 
their action on isolated tomato roots. The mechanism seemed to vary from 
case to case and is still far from clear, but it appeared as if B, functioned in 
the biosynthesis and metabolism of amino acids. 

A possible explanation of the inactivity of pyridoxine and pyridoxal in 
isolated roots of barley and oats was that phosphate could not be formed, 
resulting in difficulties in the transamination accompanied by growth in- 
ability. This suggestion, however, did not seem to be verified, as addition of 
pyridoxal phosphate (CP Grade, Versatile Chemicals, Inc., Los Angeles 63; 
M.W. 206.3) to the medium in the following concentrations 0, 0.1, 0.5, and 
5 mg. per litre did not result in any growth effect. 

Biotin. Biotin belongs to the B-vitamin complex, but its effect on green 
plants is still rather unknown, even if it is reported that the compound could 
stimulate root production in etiolated cuttings of pea stems (Went and Thi- 
mann 1937) but only in interaction with auxin. Bonner (1940) found that 
biotin did not affect the root growth of any of the ten species of roots, whose 
growth substance requirements he investigated, but found that some were 
able to synthesize abundant amounts of this substance. Slankis (1948) added 
biotin to his cultures of Pinus roots but without studying its effect more 
closely. Bonner and Bonner (1948), on the other hand, regarded it as well 
established that biotin had no effect on isolated roots. 
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On the material in this investigation the substance was studied in concen- 
trations from 10 to 50 my per litre. In spite of a comprehensive material not 
published here it was impossible to detect any influence either in growth or 
in ion absorption. In two of the experiments the biotin supplement was com- 
bined with casein hydrolysate, as biotin according to Williams et al. (1950) 
should play a certain role in the amino acid metabolism. Even in this case 
biotin was ineffective and it can be considered as unimportant for the roots. 

Vitamin K. Vitamin K,, phylloquinone, is synthesized in green leaves by the 
influence of light (Dam and Glavind 1938, Dam et al. 1940, Dam et al. 1947, 
and Paech 1950, p. 95). Its physiologic role in the plant seems to have been 
rather unknown until Arnon and co-workers (Arnon et al. 1955) recently 
established that the substance is probably a co-factor in the photosynthetic 
phosphorylation and characteristically associated with the green tissues con- 
centrated in the chloroplasts. Earlier it had been shown that phylloquinone 
was a growth factor for certain bacteria (Paech 1950), and Hemberg (1953) 
reported that it strongly increased the root-building effect of indoleacetic 
acid in Phaseolus cuttings. 

The preparation used here was menadiolesulphate, (M.W. 270) from AB 
Ferrosan, Malmö. The following concentrations were used in sterile-filtered 
media, 0, 10°, 10-8, 107, and 10% M. The results indicated, however, that 
the substance in the amounts employed here neither had positive nor negative 
influence on the growth. 


5. Nucleic Acids 


The effects of nucleic acids and their components on growth have been 
studied by some authors. Thus purines are indispensible for growth, e.g., in 
leaves for the growth of the mesophyll (cf. Bonner 1950, p. 321). For isolated 
leaves of Pisum adenine and hypoxanthine play a certain role. Thus it seems 
probable that all tissues do not have the ability of synthesizing purines. 
Jones and Baker (1943) studied the effect of some purine derivatives on the 
growth of Avena seedlings, but they did not get stimulation in any cases. The 
following substances were tested: adenine, uric acid, guanine, hypoxanthine, 
xanthine, allantoine, creatine, and creatinine. 

Anker (1951) reported from studies with isolated Pisum roots that the 
pyrimidine base, cytosine, increased the root length by 30 per cent, and the 
nucleosides, adenine and guanine, inhibited it by 33 per cent. The nucleotides 
like nucleic acids were without effect. 

Skoog and Tsui (1951), Skoog (1955), and Howell and Skoog (1955) showed 
that adenine played an important role in the differentiation processes and 
interacted with IAA. 
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Fries (1953 and 1954) found that the root growth of pea seedlings de- 
creased if the cotyledons were excised and that a number of substances were 
able to restore the growth, such as yeast extract, casein hydrolysate, and 
yeast nucleic acid. Then he isolated arginine, glycine, and adenine as the 
limiting factors. It was free or ribose-coupled adenine which was stimulating, 
and this explained the effect of yeast nucleic acid. Adenine could be re- 
placed by hypoxanthine, but guanine was completely inactive and inhibitory 
in higher concentrations. Fries did not report, however, whether the sub- 
stances mentioned interacted in the cell elongation or in the cell divisions. 
His pea roots were sometimes long and thin (cf. Plate I in Fries 1954), and it 
appeared as if the divisions had stopped but elongation continued. He wrote, 
however, (1953, p. 300) that it was possible to produce an almost normal 
growth rate. 

The influence of yeast nucleic acid (Kebo) on barley and wheat roots has 
been studied in the following concentrations, namely 0.1, 5, 25, and 125 mg. 
per litre. The barley roots showed no increase in length but in 125 mg. per 
litre the roots died. In wheat a slight increase appeared in 5 to 25 mg. 
per litre, and total inhibition in the highest concentration did not occur. 

Other experiments included the nucleotides, adenylic acid, cytidylic acid, 
and guanylic acid, both in autoclaved and sterile-filtered media. All prepara- 
tions were manufactured by Schwarz Laboratories, New York. The sub- 
stances did not produce any marked changes in the growth process. Certainly 
the barley roots showed a weak increase in length, but nevertheless after 
10 days all meristem cells had become vacuolated. The oat roots were not 
affected either, but the wheat roots were inhibited. The experiments discussed 
here showed beyond a doubt that the compounds studied were rather ineffec- 
tive as growth stimulators of cereal roots. Similar results were also obtained 
by Rijven (1952) in investigations on Capsella with purine derivatives and 
adenosine-3-phosphoric acid. Isikawa (1956) reported a more intense growth 
of roots of Pinus densiflora when adenosine triphosphate was added, but here 
it is not certain that the effect can be ascribed to the purine component. 

In connexion with the studies on nucleic acids and purines it is necessary 
to discuss the interesting new cell-division factor named kinetin, 6-furfuryla- 
minopurine, isolated from autoclaved desoxyribonucleic acid. This substance 
first described by Miller et al. (1955 a and b) was not available for the present 
investigations. It produced remarkable effects by interacting with indoleacetic 
acid in controlling root and bud formation in tobacco pith callus cultures 
and had a regulating effect on root growth in tomato (Skinner and Shive 
1955), but the latter results seem to be very preliminary. Torrey (1956) 
reported the substance to be inactive in lateral root formation on pea roots 
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in combination with indoleacetic acid, and Chapman (1956) in cultures of 
isolated potato root tips found that the substance failed to stimulate signifi- 
cant development. 


6. Auxins and Antiauxins 


Gautheret and others (e.g., Nitsch and Nitsch 1956) found that indole- 
acetic acid (IAA) or naphthalene acetic acid (NAA) was required for pro- 
ducing cell divisions and growth in tissue cultures in vitro. As to isolated 
roots the status is somewhat obscure. Baldovinos (1950) discovered that IAA 
in a concentration of 10° M increased the growth in the apical 2 mm. of Zea 
roots about ten times by stimulating the cell divisions. Street and co-workers 
(1954) in studying the effect of IAA and indole aceto nitrile (IAN) on isolated 
tomato roots found an inhibition by both substances. The former retarded the 
elongation and the latter the division. Castle (1953) carried out experiments 
with IAA, indole-3-butyric acid and NAA on roots of Equisetum arvense and 
found an insignificant increase in length sometimes accompanied by inhibi- 
tion. Guttenberg and Wiedow (1952) reported that IAA was of certain impor- 
tance for the growth of isolated Avena embryos. 

Experiments for studying the reactions to auxin have been performed in 
the present investigation on several occasions, but they have resulted in 
inhibitions and no positive results have ever been obtained. The auxin content, 
therefore, was apparently too high rather than too low. 


There are theoretically two methods for diminishing the auxin effects in 
the roots: 


a. diminishing the production of auxin which undoubtedly is difficult. 
b. diminishing the effect of auxin by adding antiauxin. 


Burström (1950) established that a-(parachlorophenoxy)-isobutyric acid, 
PCIB, was an antiauxin directly counteracting the auxin in the elongation of 
the root cells and in this way increased the root growth considerably. Kandler 
and Eberle (1955) on isolated roots of Zea obtained a length increase with 
PCIB up to 150 per cent in 105 M, but according to the published photo- 
graphs the roots looked rather abnormal with tapering ends. 

On the material in this investigation experiments have been carried out 
with PCIB both in autoclaved and sterile-filtered media. In Figure 5 one 
of the experiments in sterile-filtered media is represented. The increase in 
length was most marked in wheat but also noticeable in rye. It was very 
insignificant in barley and oats. Microscopic examination of the growth 
regions showed no stimulation in the cell divisions by PCIB. The meristems 
of barley and oats had elongated in the usual manner by vacuolation of the 
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Figure 5. The influence of a-(parachlorophe- 
noxy)-isobutyric acid, PCIB, on the growth of 
isolated cereal roots. The media were sterile- 
filtered. Glucose concentration 0.05 M. Cul- 
tivation time 10 days. 


cells. As the cells of barley and oats were not affected by the antiauxin, it 
seemed rather likely that the elongation was maximal in normal cases. The 
experiments were also extended to include different pH-values of the medium, 
thus changing the dissociation of both auxin and PCIB. The pH was varied 
by phosphate buffer so that the total phosphate concentration amounted to 
1 mM with the following initial values, 4.5, 5.9, and 6.8. The highest PCIB 
concentration was 10”? M. The best growth appeared in the highest hydrogen 
ion concentration which agreed with the results of Burström and also with 
what is generally established as suitable for isolated roots, namely pH 5. 

The experiments thus showed that PCIB did not affect the growth by 
increasing the cell division rate. This is in agreement with the influence of 
the substance on the metabolism of the cells as reported by Burström (1951). 
In spite of almost a doubling of the length, there was only a very insignificant 
increase in the amount of insoluble nitrogen and nitrogen-free organic com- 
ponents (cf. also Kandler and Eberle 1955). Thus PCIB seemed to have no 
effect on the cytoplasmic growth taking place in the meristems. 

In this connexion the effects of some other substances on growth will be 
discussed. The well-known herbicide 2,4-D played a certain role in tissue 
cultures (cf. e.g., Gautheret 1955) and was found to interact with coconut 
milk in the tissue cultures of potato tubers. Bein and Schopfer (1948) reported 
a growth stimulation in isolated maize roots with an optimum of 1071 M 
2,4-D. The curve coincided with the growth curve for IAA, showing that 
2,4-D had a phytohormonal character. Bein and Schopfer thought they had 
demonstrated a selective herbicidal action of 2,4-D against isolated roots of 
dicotyledons cultured in vitro. The present author was not able to find this 
stimulating effect on the material studied here, but the problem of its inter- 
action with coconut milk is interesting and has probably not yet been studied 
on roots. 

Another aspect of the growth of grass roots is seen in the results by Pol- 
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lock et al. (1954). An addition of scopoletin to Avena and Phleum roots 
inhibited the growth. The substance is normally to be found in the roots, but 
the concentration in the meristem is below the inhibitory level. The concen- 
tration in the older parts of the roots, however, certainly lies within the 
inhibitory range. Coumarin, which normally is absent in the roots, causes 
likewise an inhibition in the longitudinal growth, and the root hairs are 
developed almost to the apex of the roots (cf. Figure 7 in Pollock et al. MAR 
This appearance of the root is very similar to that of Avena in the author’s 
experiments and seems to be the natural picture of a root with disturbed 
elongation. That the growth inability of oat roots in general is due to intoxica- 
tion seems, however, unlikely, as experiments with varying volumes of the 
media were without result. There is, however, the possibility that a transport 
mechanism, only functioning in intact seedlings, is necessary for the effective 
removal of the substances. 


V. Effects of Mineral Elements 


A priori it seems rather improbable that there was a deficiency in the 
supply of nutrients for roots of barley and oats, as the roots of wheat and 
rye grew excellently in the standard medium. In previous investigations 
(Almestrand 1949) several different media were tested with the same nega- 
tive results for barley and oats. In the media composed by Burström (1941 a) 
sodium was lacking, but this element was found in other media, e.g., in 
White’s (1943) and in the experiments reported by Almestrand (1949) on 
pH and growth, a buffer solution of phosphoric acid and tertiary sodium 
phosphate was employed. The growth inability thus could not be due to 
sodium deficiency, even if Heller (1953) established sodium to have a growth- 
stimulating effect on his tissue cultures. For tissue cultures in general higher 
concentrations of the minerals were used (cf. the extensive survey by Heller 
1953), but these media were unsuitable for isolated roots which seem to be 
very sensitive to salt concentrations too high. 


1. Calcium 


Of the macro nutrients especially calcium has proved to be interesting 
from the point of view of growth. Thus Burstrém (1954) studied the calcium 
effect on deseeded wheat plants by varying the calcium concentration from 
zero to 10~* M and found increased growth with increased Ca-value. The 
stimulation comprised both division and elongation of the cells. Even if it 
has been well known for a long time that calcium affects the root growth, 
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Table 7. The growth in mm. of isolated roots of oats and wheat cultivated for 14 days 
in media of different concentrations of calcium. 


ee eh a i 
Conc. of | 
Ca 0 10-6 10-5 105-4 10-101 

M | 

Oats 12 + 2.601104 22) 2 #19) 2+ 1.0 | 7 4224| 
Wheat 3446.1 | 47+10.5 | 49 + 6.7 | 88 + 13.6 | 64+9.1 | 


this investigation was the first to report how it takes part in the growth 
mechanism and it is possible that different species require other Ca-amounts 
than 0.4 - 10”? M given in the standard medium here used. 

In Table 7 a comparison between roots of oats and wheat in different 
concentrations of calcium is given. As the only calcium salt in the medium 
was nitrate, the decrease of this ion was compensated by addition of potas- 
sium nitrate. No significant differences were to be found between the root 
growth of oats in varying calcium concentrations, but the wheat roots had 
an optimum at 10 # M. The appearance of the oat roots showed no variation, 
but the wheat roots in concentrations between 0 and 10°? M exhibited an 
obvious growth inhibition. Thus the number of initials of laterals was so 
great that the roots had a granulated appearance. In 10~* M the roots were 
white and healthy, but in 10% M they were brownish due to the brown- 
coloured root hairs. In another experiment including all four species the 
concentration of Ca was varied in a narrower range, namely between 0.4-10 * 
and 4.8-10-% M. It was apparent that the four species reacted differently 
for Ca. Thus barley, oats, and rye did not react for the variations, but the 
rye roots showed a normal growth rate in all concentrations. Wheat roots, 
however, grew best in 0.4 mM, that is the concentration of the standard 
medium. In a medium 12 times more concentrated these roots died. 

Undoubtedly the calcium concentration in the standard medium was 
about optimal for wheat roots, but as for the other species it was impossible 
to express an opinion on account of these results. According to Burstrom (1952) 
the optimum action of calcium on wheat roots for cell divisions in the apical 
meristem occurs at 10-° M, but a 10 times higher concentration is optimal 
for cell elongation. Burstrôm (1954) also investigated the interaction between 
calcium and nitrogen and found that calcium was indispensible for the 
absorption of nitrate from the external solution. In the author’s experiments 
the relation between growth, nitrate absorption and protein synthesis was 
not studied, but from other experiments (cf. p. 564) it was evident that the 
nitrate absorption by oat roots was less than in the other species. This defect 
in the absorption mechanism did not seem to depend upon calcium deficiency, 
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Table 8. The growth in mm. of isolated cereal roots cultivated for 10 days in media of 
different concentrations of potassium. 


Conc. of 
| K 0.5 X 10-3 2.0 X 10-3 4.0 X 10-3 6.0 X 10—3 
| M 
| Barley 24+09 | 31+2.5 29 + 1.3 25 + 1.1 
Oats 15+06 | 13 + 0.6 15 + 0.7 16 + 0.6 
Wheat 126 + 6.7 89 + 5.9 83 + 3.4 63 + 2.8 


but as the oat roots on the whole did not react on calcium, there is a possi- 
bility that the lacking growth factor in oat roots in some way was correlated 
with the calcium effect. 


2. Potassium 


Burström (1954) also studied the effects of potassium on the root growth 
of wheat seedlings, and he found that the cell elongation was only slightly 
changed by variations in potassium. The differences in growth obtained 
were due to changes in the frequency of cell divisions with an optimum 
OPIOTUM. 

In an experiment the present author has varied the potassium concentra- 
tions within a narrow range (Table 8). Barley and oats were unaffected by 
increased potassium supply, but wheat exhibited a small decrease. Naturally 
these potassium values were rather high and it would perhaps have been 
valuable with tests in lower concentrations. The potassium concentration in 
White’s medium (1943), however, was about 1.7 mM, so the concentrations 
used here surrounded this value. Further if potassium had affected the 
growth more strongly, a gradient would probably have appeared, as was the 
case with wheat, unless the requirements for potassium by oats and barley 
were much smaller than those of wheat. Thus the potassium content of the 
standard medium namely 0.5 mM seemed to be sufficient. 

In this connexion it is worth mentioning that Heller (1953) recommended 
a potassium concentration between 5 and 10 mM for tissue cultures. The 
reason can be manifold. Probably the uptake is more difficult in tissue cul- 
tures, the cells of which are not specialized for ion absorption as root epider- 
mis and root hairs. Perhaps the parenchymal cells do not have the same 
ability of ion accumulation as the roots cells, and therefore the external con- 
centration must be greater for affecting an optimal internal concentration. 
Furthermore the tissues are generally cultivated on an agar medium instead 
of being surrounded by the medium as roots. The problem has certainly not 
been extensively studied and different species may behave differently. 
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CoP: Fe-Na-ethyl jami : | 
Fert © sulphate a not Ferric citrate 
Species | Conc. of Fe He 
eae 0 2.5 12.525 0.5 2.6 5.0 0.5 5.0 
Initial pH | 5.5 FOR aie vat 5.4 5.4 6.3 4.5 
Barley 6.8 65 | 6.5 4.6| 6.2 Coreen NN RE gg ng: 
Oats e: 5.8 5.0 5.2 AS) 5 5.2 | ae Bet 5 
F 1 4 | ñ 5 2.2 oO. 2.2 
teat], 04! pH | 5 5.2 6.0 4.4| 5.6 5.8 5.7 6.3 | 6.3 
Rye | 5.6 6.0 5.9 4.3); 6.5 6.5 | 6.4 6.2 | 6.3 
Barley 19-41.6| 25+4.840+ 6.5| — | 194+ 1.3] 144 4.2) 214 3.0] 244 29) 204 53 
Oats |Root growth/21+ 2.2) 15+1.6) — —| 15+ 1.2) 1424 1.2) 174 1.7| 194+ 1.8) 204 15 
Wheat) mm. |92+7.8/187+7.554+ 28.9] — |161 + 10.51160 + 13.8 169 + 12.5/148 + 12.3)126 + 15.8 
Rye 69+5.9| 994 7.3178+ 12.2) —| 724 7.6/1114 8.01124+11.0| 81 6.8|1100+ 7.4 
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Table 9. The growth of isolated cereal roots in media with different iron sources 
(cultivation time 15 days). 


3. Micronutrients 


The standard medium included the following micronutrients, namely Fe, 
Mn, Zn, B, Mo, and J in the concentration given by Burström (1941 a). 

Iron. According to investigations by Street et al. (1952) on the “staling” 
effects of White’s medium in the cultivation of isolated tomato roots, one of 
the sources of the decrease in growth was the following. When the pH of the 
medium was raised by the ion absorption, iron is precipitated and not avail- 
able for the roots in sufficient amount. The present author has earlier treated 
this problem (Almestrand 1949) and tested the following iron sources: ferric 
sulphate, ferric chloride, and ferric citrate. As the standard iron source 1 mg. 
ferric sulphate per litre was used. Street et al. (1952) after penetrating this 
problem very carefully recommended ferric sodium ethylenediaminetetra- 
acetate, Fe-Na-EDTA, versene. In this complex iron is bound and is not 
precipitated by the pH-elevation taking place in his experiments. Sterile- 
filtration must be used, as autoclaving causes a certain precipitation of Fe. 
Versene is absorbed by the roots, as reported by Weinstein et al. (1954), but 
it can certainly be regarded to be harmless in the concentrations em- 
ployed here. 

In Table 9 the results from an experiment on the influence of iron from 
different iron sources in sterile-filtered media are given. Ferric sodium 
ethylenediaminetetraacetate was produced according to the method reported 
by Street et al. (1952). No pH-adjustments were carried out, resulting in 
growth disturbances in the cultures with high additions of ferric sulphate. 

The results were as follows. Barley: roots in media lacking Fe or supple- 
mented with 2.5 mg. ferric sulphate per litre had elongated as usual. In 
12.5 mg. the appearance was very irregular and in 25 mg. per litre all roots 
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had died, which was applicable to all species. Also in Fe-Na-EDTA and Fe- 
citrate apparently no new cell divisions had taken place in the meristem. 
Therefore no growth differences due to iron effects could be established. 
Oats: the roots had the same appearance if iron was given to the medium 
or not. Further the source of the iron obviously was of no importance. Wheat: 
without iron the cell divisions in the meristem were inhibited but ferric 
sulphate seemed to be a better iron source than ferric sodium ethylene- 
diaminetetraacetate. Rye: as in wheat roots the cell divisions were inhibited 
in media lacking iron and the differences between different iron sources 
were small. 

This experiment and others previously carried out on the iron nutrition of 
isolated grass roots clearly indicated that the growth inability of barley 
and oats certainly was not due primarily to an imperfect iron nutrition. On 
the other hand, wheat and rye were typically dependent upon the supply 
of iron, for without iron no cell divisions took place. In the short culture 
time employed here, 15 days, it was of less importance which iron salts were 
chosen. Wheat roots grew rapidly in old media with a pH-value of about 6.5, 
that is the pH occurring in cultures of barley roots as long as nitrogen was 
available. Thus as regards wheat the precipitation of iron by increased pH 
did not markedly interfere in the growth. It seems also probable that iron 
precipitation by a pH-change was not of primary importance for barley and 
oats, judging from the experiments with frequent changes of the media or 
cultivation of a single root tip in 500 ml. nutrient solution in which cultures 
the pH-increase caused by the metabolism naturally became very small. 

Unidentified microelements. Robbins et al. (1936) found a positive growth 
effect on isolated maize roots by adding filter paper or agar or the ash of 
these materials to the nutrient media. Quantitative paper, that is ash-free had 
no effect. The authors were of the opinion that the ash contained some 
microelements not present in the basic media but indispensible for growth. 
As the roots grow when attached to the endosperm, this must contain the 
indispensible trace elements in convenient concentrations. A possibility of 
obtaining the right composition of the additions of the trace elements was, 
therefore, to dissolve the ash of endosperms and add the extract to the 
medium. Such an experiment has been performed with barley. The com- 
bustion was carried out in a platinum dish, the ash was dissolved in HCl, 
and neutralized with NaOH. The extract was given in the following concen- 
trations: 

Extract from one endosperm to 4 roots 
Ss „ two a Suh ass 
Pr » five N iia Ne 
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Table 10. The growth in mm. of isolated cereal roots cultivated for 20 days in media of 
different concentrations of manganese. 


ee | Conc. of MnCl, mg. per litre 
0 | MT) 08 | 2.0 
| 
Oats | 16455122 0913. ry 13 + none 12+ 1.1 
Wheat | 1992225 193 + 16.5 | 218 + 16.2 218 + 16.2 
Rye 133 + 13.6 | 128 + 9.4 | 128 +148 | 113 + 13.0 


In neither of the concentrations, however, was a growth improvement 
to be found. 

Manganese and molybdenum. Boll and Street (1951) reported copper and 
molybdenum to have a stimulating effect on the growth of isolated tomato 
roots, which endured relatively great variation in the Mo-concentration, but 
were sensitive to variations in copper. Later on Hannay and Street (1954) 
studied the interrelationship between the requirements of molybdenum and 
manganese of tomato roots. When either manganese or molybdenum was 
omitted from purified media the growth and survival were significantly pro- 
moted by high concentrations of the other element. Improper combinations 
of these factors thus might cause inhibition of growth. Hannay and Street 
found that the concentration of 4.5 mg. MnSO, per litre (1.64 p.p.m. Mn) 
given in the standard medium by White (1943) produced growth disturbances 
and that the tomato roots had a marked ability of accumulating Mn. In the 
present investigation the basic media contained 1 mg. MnCl, per litre (O.44 
p-p.m. Mn) as standard. 

Some results from a growth experiment with variation of manganese are 
represented in Table 10. Mn did not have any effect on the oat roots, nor on 
wheat or rye in the concentrations here employed. Therefore it is improbable 
that the growth inability of oats is due to a decifiency of or a poisoning by 
manganese. On the other hand, it is a well-known fact that oat seedlings are 
very sensitive for manganese deficiency resulting in grey speck symptoms. 
Naturally the manganese concentration can play a certain role in the sub- 
cultivation of wheat roots, but this problem has not been studied more closely. 
For rye roots this manganese concentration seemed to be suitable, however, 
as subcultures have been made in this medium. 

Molybdenum has been given in a concentration of 0.02 mg. ammonium- 
molybdate per litre, that is 0.001 p.p.m. Mo, but the concentration has also 
been varied. According to Boll and Street 0.0001 p.p.m. is sufficient, and 
therefore it is not likely that the molybdenum content has been too low. The 
physiological role of Mo will be discussed on p. 586. 

Boron. Hemberg (1951) established that boron increased the growth of 
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adventitious roots of Phaseolus hypocotyles. Without boron the growth be- 
came very poor and a concentration of 0.06 p.p.m. boric acid sufficed. It was 
apparent from the material that the compound did not interfere in the initia- 
tion of the adventitious roots but in the growth. Hannay and Street (1954) 
found that boron and also iodine did not significantly affect the growth level 
of isolated tomato roots. The present author studied on several occasions the 
eventual boric effect but without positive results. Boron was included in the 
standard media as 0.02 mg. boric acid per litre, and there is reason for assum- 
ing that a deficiency certainly will not appear as the media were prepared 
and autoclaved in glass vessels. For this reason it generally is very difficult to 
produce boron-deficiency symptoms. The possible influence of boric acid 
on the carbohydrate metabolism will be discussed later (p. 574). 


VI. Carbohydrate Metabolism 


As regards the carbohydrate nutrition of in vitro cultures of tissues and 
organs there is a review of the extensive literature by White (1951). Sucrose 
seems to be most appropriate for dicotyledons and glucose for monocotyle- 
dons. In tissue cultures of the monocots Amorphophallus and Sauromatum 
(Morel and Wetmore 1951), however, sucrose was given in Gautheret’s 
medium. Burström (1941b) reported that wheat roots soon died in sucrose, 
as the divisions in the meristem stopped, and that sucrose itself was the in- 
jurious principle. Almestrand (1949) published results from experiments with 
both glucose and sucrose and found slightly longer roots in glucose. Kandler 
(1950a and b, 1953 a and b) and Kandler and Eberle (1955) used glucose 
throughout in their experiments with isolated maize roots. Dormer and Street 
(1949) and Street and Lowe (1950) have proposed a hypothesis that the sucrose 
uptake is carried out in excised tomato roots via a phosphorylation on the cell 
surface. Here dextrose should be a competitive inhibitor of sucrose utilization. 
However it is debatable whether the problem has been sufficiently studied. 
These authors thus state that there is no evidence of sucrose undergoing any 
hydrolysis during autoclaving. Apparently they have not performed analyses 
but refer to growth experiments in autoclaved or not autoclaved media. Bur- 
strom (1941b) showed that sucrose was hydrolyzed by autoclaving the 
nutrient solution, and Ball (1953) found by using paper chromatography 
that by the autoclaving of Knop’s solution with 3 per cent sucrose a part of 
this was hydrolyzed resulting in 0.7 to 0.9 per cent glucose after the auto- 
claving procedure. The same was the case with other media more commonly 
used, e.g., White’s (1943). Ball was right when he stated that the solution did 
not contain only sucrose after autoclaving. 
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Table 11. The effect of different carbohydrates on the growth of isolated cereal roots. 


Carbohydrate Barley Oats Wheat | Rye 


Ribose == = 


Pentose 5 
Xylose — — 


Glucose — — 
Monosaccharides Fructose — — 
Galactose == = 


Kern 
+2) 


Sucrose — — 
Maltose — — 
Lactose — — 
Cellobiose — — 


Disaccharides 


PE ELA 


Sn 
TS 


Trisaccharide Raffinose — — 


1. Studies on the Effects of Various Sugars 


The experiments in the present investigation on the problem of which 
sugars can be utilized by the roots have been relatively few, as this problem 
has interested many researchers and the picture is rather clear. In recent 
times, however, some new results have appeared, showing several carbo- 
hydrates more or less suitable for tissue cultures (Hildebrandt and Riker 1953). 

In Table 11 a survey of the growth effects of the tested carbohydrates is 
given. It is apparent there was no growth of barley or oats in all the sugars 
tested, except that insignificant cell elongation occurred in some cases. In 
wheat, glucose gave decidedly the best growth, but also in maltose a real 
growth was obtained and probably also in cellobiose, although inconsider- 
able. Rye roots grew in glucose and sucrose and probably in cellobiose. In 
pentoses all the roots soon died and the same held true for galactose, which 
was especially studied by Burström (1948), and lactose. The rye roots could 
not grow in raffinose, as should be the case according to Lowe (1953). 
Apparently glucose is the best carbohydrate source and ought to be utilized 
by barley and oats. Rye roots grew both in sucrose and glucose, even if ac- 
cording to the present author sucrose to a certain extent was inferior in sub- 
cultures. This is, however, in conflict with the results by Roberts and Street 
(1955). Thus it seems as if the problem of subculturing rye roots and con- 
nected problems are not yet satisfactorily solved. 


2. Studies on Glucose Absorption 


In these studies the general features of the metabolism of the excised rools 

will be described. 
Asa cell elongation can take place in roots of barley and oats in a medium 
with glucose, and this process is energy-requiring, glucose must be absorbed 
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and respired. This was already apparent in the preliminary experiments re- 
ported by Almestrand (1950 a). However, it is assumable that the glucose 
absorption is not sufficient or that an absorption barrier exists. The growth 
of these roots cannot be improved by increasing the glucose concentration, 
as has already been shown by Almestrand (1949), where the longest roots 
were found in 0.05 M glucose. That the sugar concentration can be decisive 
for the growth of other species is evident from, e.g., Rijven (1952) who re- 
ported a 12 per cent sucrose solution to be hypotonic, and therefore he had to 
use such a high concentration as 18 per cent in the cultures of Capsella. Ihm 
(1954) reported that the sugar concentration had no effect on the cell division 
but on the elongation, and Street and McGregor (1952) also found changes in 
the differentiation by varying the sugar concentration. 

In a series of experiments with varying the glucose concentration, the 
present author has studied the changes accompanying in the absorption of 
glucose, nitrate, and phosphate, and of total organic nitrogen. 

The investigations have included two main types: 

a. variation of the glucose concentration. 
b. variation of the experimental time by harvesting the cultures 0, 5, 10, 15, 
and 20 days after the start of the cultures. 


a. Variation of the glucose concentration. The glucose concentration has 
been varied as follows: 0, 0.005, 0.01, 0.02, 0.05, and 0.1 M. 

Growth. Figure 6 represents such an experiment with the experimental 
time of 10 days showing the four species reacting differently to increased 
glucose concentration in the medium. Oats always exhibited the smallest 
growth (elongation) and this was on the whole independent of the glucose 
concentration. Barley had the greatest elongation in 0.01 to 0.02 M and then 
a slight decrease. Wheat and rye having real growth showed quite different 
growth figures among themselves. The increase in length of the wheat roots 
was proportional to the concentration of glucose and this was also applicable 
to rye, but the latter exhibited very good growth already in 0.005 M. Judging 
from these experiments, it was quite clear that there were two different types 
of growth among the species cultured here. Wheat and rye, on the one side, 
had active growth with cell divisions and cell elongation, while barley and 
oats, on the other, had cell elongation only and were only insignificantly 
affected by the glucose concentration in the medium. 

Glucose uptake. Figure 7 gives the uptake of glucose by 20 roots for 10 days 
in varying glucose concentrations. Apparently the absorption of barley, oats, 
and rye was about the same, contrary to wheat. In the three first-mentioned 
species the uptake was rather independent of the glucose concentration, 
while the uptake of wheat roots markedly increased with the concentration. 
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are given per 20 roots. 


These facts indicated that either the mechanism of the uptake of the roots 
was different or their capability of consuming and assimilating glucose 
varied. There was also a third possibility, namely, that the growth was due 
to another factor and the absorption of glucose was a secondary process de- 
pending upon the growth intensity. 

The first possibility was difficult to examine, even if some experiments 
have been carried out on intact oat seedlings (p. 578) for studying it. 

There were differences in the capability of the roots in utilizing the glu- 
cose absorbed, for the wheat roots grew better and increased their dry matter 
considerably as is apparent from Figure 8. The curves are in good agreement 
with the absorption curves for glucose. 

Economic quotient. Figure 9 represents the economic quotient, Q., com- 
puted as the relation between the increase in dry weight mg. and mg. of 
glucose absorbed, thus indicating how much of the sugar was utilized for 
building the cell elements including the unchanged glucose, and how much 
was consumed by respiration. It is apparent from this diagram that the spe- 
cies could be divided into two groups, namely oats on the one side and barley, 
wheat, and rye on the other. 

The low Q, value of oat roots, 0.20 showed that the metabolism was very 
ineffective as most of the sugar was respired, while the smaller part was used 
for cell elements. Barley, wheat, and rye had a Q, value of about 0.50 with 
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glucose concentration and dry matter mic quotient (Q,) in relation to the 
production in isolated cereal roots cul- glucose concentration in the medium. 
tivated for 10 days in media with vary- Cultivation time 10 days. 


ing glucose concentrations. The values 
are given per 20 roots. 


somewhat irregular figures for rye, as it was difficult to obtain a homo- 
geneous material of the last-mentioned. These values were in agreement with 
the results found by Burström (1941 b) for intact wheat seedlings lacking 
endosperms. He also found similar values for isolated rye roots in glucose, 
fructose, and sucrose. Therefore it seemed as if the carbohydrate metabolism 
were undisturbed in isolated roots of barley, wheat, and rye, but blocked in 
oats. The inhibited root growth in isolated barley roots must be connected 
with some other disturbance in the metabolism. 

It can be mentioned, however, that isolated roots of barley as well as of 
oats were very brittle in comparison to wheat and rye roots. Thus the forma- 
tion of wall substances also in barley roots was insufficient in spite of the 
normal economic quotient. 

Determinations of the amount of non-assimilated glucose in the roots in 
different concentrations of glucose are represented in Table 12. Rye is not 
included. An increase of glucose in the external medium was followed by an 
increase of glucose in the root. There were, however, distinct differences be- 
tween the species studied here. In barley the content was strikingly small in 
relation to the amount absorbed, which means that the sugar could be readily 
metabolized. The content in oat roots was relatively high, indicating that 


glucose was taken up, but then there were disturbances. Wheat had likewise 
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Table 12. The ratio between the amount of the non-assimilated glucose and the glucose 
absorbed. The values refer to 20 roots cultivated for 10 days in varying 
concentrations of glucose. 


Species Conc. of glucose | Glucose in the roots | Glucose absorbed a 
mg. (=a) mg. (= b) hy 100 | 
Br u ee ee ee | DT 
0.005 0.303 6.05 5.0 
0.01 0.535 8.68 6.2 
Barley 0.02 0.823 9,51 8.6 
0.05 | 1.24 8.82 14.1 
0.1 | 0.945 24.2 319 
| | 
0.005 0.495 2.07 24 | 
0.01 0.588 3.06 19 | 
Oats 0.02 0.680 5.87 12 | 
0.05 | 0.596 — — 
0.1 0.626 20.7 3.0 
0.005 0.443 3.37 13.2 
0.01 0.650 4.68 13.9 
Wheat 0.02 0.972 8.85 11.0 
0.05 2.83 SET duo 
0.1 4.70 41.1 11.4 


a high glucose content, but it was constant in different concentrations. This 
implies that the glucose was assimilated at the same rate as it was absorbed. 

Phosphate uptake. The uptake of phosphate illustrated in Figure 10, ex- 
hibited on the whole an increase with the concentration of glucose, and this 
was most pronounced in rye. The phosphate uptake did not seem to be cor- 
related with the growth for the rapidly growing wheat roots had a smaller 
uptake than that of the barley roots, but larger than that of the oat roots. 
According to certain current theories (Dormer and Street 1949, Street and 
Lowe 1950) the phosphate ion is involved in the mechanism of sugar uptake, 
even if this was recently denied by Thimann and Marrè (1954). Therefore it 
was interesting to calculate the quotient between phosphate and glucose 
(Figure 11). The oat roots with a small glucose uptake used relatively much 
phosphate in proportion to glucose, while the wheat roots with a large glu- 
cose uptake had a much smaller quotient. Thus no exact ratio between the 
uptake of phosphate and that of glucose could be established, a fact which 
does not suggest that the glucose absorption is intimately connected with a 
phosphorylation process. 

Nitrate uptake. The uptake of nitrate exhibited also marked differences 
between the species (Figure 12). The wheat roots had a strong uptake in- 
creasing with the sugar concentration and growth, so that almost all nitrate 
was absorbed in ten days in a concentration of 0.02 M glucose. The rye roots 
likewise had a relatively large uptake, while it was smaller in barley and oats. 

Potassium uptake. The only cation studied was potassium which was 
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Figure 10. The absorption of phosphate in 

umol. by isolated cereal roots in relation 

to the glucose concentration in the me- 

dium. Cultivation time 10 days. The values 
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Figure 12. The nitrate uptake in umol. 
per 20 roots of isolated cereal roots in 
relation to the glucose concentration in 
the medium. Cultivation time 10 days. 
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Figure 11. The variation of the ratio 
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Figure 13. The influence of the glucose 

concentration in the médium on the 

Potassium uptake by isolated cereal 

roots cultivated for 10 days. The values 
are given per 20 roots. 
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Figure 14. The increase in total organic Figure 15. The variation of the nitro- 
nitrogen in isolated cereal roots in rela- gen content of produced dry matter in 
tion to the glucose concentration of the isolated cereal roots in relation to the 
medium. The cultivation time was glucose concentration of the medium. 
10 days and the values are given per Cultivation time 10 days. 
20 roots. 


rapidly absorbed by the wheat roots in proportion to the glucose concentra- 
tion (Figure 13). The same held true for rye, but the uptake was smaller. 
Both in barley and oats the uptake seemed to be independent of the glucose 
concentration and was very small in oats. The large potassium uptake by the 
wheat and rye roots is probably only a results of the growth of these roots. 

Increase in organic nitrogen. Figure 14 illustrates the increase in the total 
content of organic nitrogen in the roots. It was characterized by a very insig- 
nificant increase in the oat roots. Thus these roots were able to absorb nitrate, 
but this absorption was apparently not followed by an assimilation and the 
nitrate was intact. There was an increase in organic nitrogen in the other 
species, which therefore must be able to assimilate absorbed nitrate. Further 
it was apparent that the rye roots, which exhibited a better growth than 
wheat in 0.005 M glucose, already in this low glucose concentration could 
effectively use nitrate. 

In Figure 15 the ratio between the increase in total organic nitrogen and 
the increase in dry matter is represented. For barley it seemed to hold true 
that the substance formed contained about 2 per cent N except in 0.01 M 
glucose where the content was twice as large. In oat roots there was no new 
formation of organic N-compounds, at least none were found in the roots. 
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Table 13. The absorption in umol. of glucose, phosphate, nitrate, and potassium by isolated 
cereal roots cultivated for 10 days in different concentrations of glucose. 
The values refer to 20 roots. 


—— rr———— aE U EEUU EEEEEEEENEEEEEIT GEESE T 


Species Glucose | Phosphate | Nitrate | Potassium 
ee el ea ee I I Te a 
Barley 56—78 | 3.1 — 2.8 | 10.8— 9.4 7.2— 1.2 
Oats 17-87, 13-18 28 8.4 | 25-37 
Wheat 31—288 1.1 —2.3 9.4—18.0 | 4.6—10.0 
Rye 29—120 1.43.9797 115 17.1 4.3— 6.7 


Table 14. The economic quotient, increase in organic nitrogen in per cent of increase in dry 

matter, nitrogen absorbed, nitrogen-free substance, and absorbed phosphate per absorbed 

glucose of isolated cereal roots cultivated for 10 days in different concentrations of glucose. 
The values refer to 20 roots. 


Organic Nitrogen |Nitrogen-free 
Species OF nitrogen absorbed substance Absorbed phosphate - 1000 
per cent mg. per cent Absorbed glucose 
Barley 0.55 2 0.15—0.13 88 56—36 
Oats 0.25 Sal 0.04—0.12 90 73—34 
Wheat 0.53 1 0.13—0.25 94 34— 8 
Rye 0.58 2—3 0.16—0.24 88 50—35 


In wheat and rye there was a maximum in 0.01 M but in higher glucose con- 
centrations the content was lower, showing a formation of dry matter with 
lower nitrogen content. There was nitrate left in the medium and thus there 
was probably no deficiency. 

Conclusions. The Tables 13 and 14 summarize the results from the experi- 
ments discussed on the reactions of the roots to increased glucose concentra- 
tion, and they also give a general survey of the metabolism of the roots fur- 
ther treated in the subsequent experiments. 

Barley: The roots did not react to an increased glucose concentration with 
increased growth or increased uptake of glucose. Nitrate was assimilated and 
cell substance was synthesized with a Q.-value of about 0.5. The dry matter 
contained about 2 per cent nitrogen and 0.05 umol. P was absorbed per umol. 
absorbed glucose. The glucose uptake was retarded. 

Oats: The roots reacted to increased glucose with increased uptake, which 
was small, but not with increased growth. The nitrogen assimilation was 
poor or none. Cell substance was synthesized with a Q.-value of about 0.2. 
The roots contained 4 to 10 per cent nitrogen in the dry matter, of which a 
small part or none was organic. About 0.07 to 0.03 umol. P was absorbed per 
umol. glucose. The nitrogen assimilation was inhibited. 

Wheat: The roots reacted to increased glucose concentration with a large 
increase in growth and glucose uptake. Nitrate was easily assimilated. Cell 
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substance was synthesized with a Q, value of 0.5 and contained about 1 per 
cent nitrogen varying with the glucose concentration. 0.03 to 0.01 umol. P was 
absorbed per umol. glucose. The roots consumed glucose easily, synthesizing 
nitrogen-poor dry matter and had small phosphate uptake in relation to glu- 
cose uptake. Sugar was efficiently utilized. There were no disturbances in 
the metabolism. 

Rye: The roots reacted to increased glucose concentration with increased 
growth, but consumed glucose more slowly than wheat. Nitrate was assi- 
milated and cell substance formed’ with a Q, of about 0.6 (great variation). 
The substance formed contained about 2 to 3 per cent nitrogen varying with 
the glucose concentration. 0.05 to 0.03 umol. P were absorbed per umol. 
glucose. Glucose was not consumed as easily as in wheat and the substance 
formed was rich in nitrogen. Thus polysaccharides occurred to a smaller 
extent than in wheat. As the Q, was high the glucose was utilized economically. 

b. Variation of the experimental time. It seems natural to assume that 
a series of changes in the metabolism must take place in the roots unable to 
grow after excision. Changes will also start in an isolated root able to grow. 
These changes must be a function of the time after the excision. It is worth 
mentioning that many studies, e.g., on ion absorption have been carried out 
with excised barley roots and the results have been interpreted as being 
applicable to intact roots. 

A closer investigation of the changes in ta oust of excised roots in 
relation to time could be assumed to give certain information as to which 
processes were disturbed and were responsible for the disturbances in growth. 
As the four species cultivated here behave differently after isolation, a com- 
parison could perhaps furnish some elucidation. The studies performed on 
this problem and discussed below include observations 5, 10, 15, and 20 days 
of cultivation after excision. The results are represented in the Figures 16 to 23. 

Dry matter production (Figure 16). There appeared very distinct differ- 
ences between wheat on the one side and barley, oats, and rye on the other. 
Thus the three last-mentioned species had very low dry matter production, 
especially oats. Barley and rye were about equal. This fact seems curious, as 
the rye roots had real growth; but these roots were generally very thin and 
slender. The rapid-growing wheat roots produced dry matter according to a 
very steep curve, which was slightly steeper in 0.1 M than in 0.02 M. In an 
experiment with 0.02 M glucose but 100 ml. nutrient solulion instead of 
20 ml. as normally, the dry matter production of wheat roots increased still 
more rapidly, although this medium contained the same amount of glucose 
as the experiment with 0.1 M glucose, namely 360 mg. (cf. Figure 16). This 
result indicated that some other factor than the glucose supply was limiting 


the growth. 
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Figure 16. The dry matter production (in mg. 
per 20 roots) of isolated cereal roots in rela- 
tion to culture time. The normal glucose 
concentration was 0.02 M, but the wheat roots 
were also cultivated in 0.1 M and 0.2 M. 
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Glucose uptake (Figure 17). The oat roots had a very low uptake, hardly 
increasing with time. The barley roots and rye roots were more in agreement, 
but apparently after 15 days the uptake of barley roots diminished and the 
rye roots continued at the same rate as before. The absorption of wheat roots 
was much stronger than the other species and increased strongiy with time. 
After 15 days there seemed to be a marked rise in the glucose uptake of wheat 
roots, possibly connected with the development of laterals. 

The marked increase in dry matter of wheat roots was not caused by 
stored glucose as is apparent from Table 15, for the content of reducing 
sugars in the roots was insignificant in spite of the large total uptake. The 
ratio between the glucose content of the wheat roots and the absorbed amount 
seemed to be relatively constant. Thus during the same time as glucose was 
taken up, that part which was not consumed in respiration was transformed 
into polysaccharides. This must naturally also be the case in isolated rye 
roots, which have real growth. In isolated barley roots an experiment showed 


Table 15. The interrelationship between the content of glucose and the glucose absorbed 
by isolated wheat roots given in umol. pr 20 roots. 


Time in days 0 5 12 20 
Glucose in the roots | 2.8 4.2 6.1 13.4 
Absorption of glucose — 88 179 228 
Glucose in the roots 

9 — 4.8 3.4 ; 
Absorption of glucose ”° ie 
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Figure 17. The glucose uptake (in mg. per 

20 roots) of isolated cereal roots in rela- 

tion to culture time. Glucose concentration 
0.02 M (wheat also 0.1 M). 
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Figure 18. The variation of the econo- 
mic quotient (Q,) of isolated cereal 
roots in relation to culture time. Glu- 
cose concentration 0.02 M (wheat also 


0.1 M). 


that the glucose content in the roots after 16 days of cultivation was only 
1.14 pmol. per 20 roots but the total absorption during the same time 91 umol. 
This meant that also in barley roots with growth inhibitions the glucose 
absorbed took part in the metabolism, being consumed in respiration and 
transformed into polysaccharides, as the dry matter increased. Judging from 
the curves of dry matter production in oat roots, the values are so small that 
it is difficult to make well-founded statements. It seems, however, that also in 
this case sugar is metabolized but very slowly. 

As to the content of reducing sugars in the roots Humphries (1956) con- 
cluded from his experiments with freshly excised roots of barley that there 
was a fairly close connexion between reducing sugars and nutrient uptake, 
especially of potassium. 

Economic quotient (Figure 18). The oat roots had throughout a low eco- 
nomic quotient of about 0.25. The barley roots had a high value in the be- 
ginning of the experiment, about 0.7 after 5 days, but it dropped rapidly to 
0.45 after 10 days and then declined more slowly to 0.35 after 20 days. Thus 
a marked change in the metabolism must take place in the barley roots be- 
tween 5 and 10 days, which is in agreement with the general growth curve. 
The conditions are not the same in oat roots, where the disturbances appar- 
ently took place immediately after excision, at least within the first 5 days. 
The rye roots had slightly lower Q.-values than in the previous experiments 
on the influence of various glucose concentrations, but the values were agree- 
ing, thus indicating a constantly functioning metabolism. In the wheat 
roots there seemed to be a slight decrease with time, but the Q.-values were 
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Figure 19. The phosphate uptake (in 
umol. per 20 roots) of isolated cereal 
roots in relation to culture time. Glu- 
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Figure 20. The variation of the ratio 
phosphate uptake: glucose uptake with 
increasing cultivation time in isolated 


cose concentration 0.02 M (wheat also cereal roots. Glucose concentration 
0.1 M). 0.02 M (wheat also 0.1 M). 


still high and independent of glucose concentration as already was apparent 
from the previous experiments. 

Phosphate uptake (Figures 19 and 20). The curves for phosphate uptake 
illustrate that during the first 5 days after excision all roots had about the 
same uptake, even if the value of wheat in 0.02 M glucose was smaller than 
the average. After 5 days, however, a separation commenced. Thus the total 
absorption in oat roots diminished, that is the already absorbed phosphate 
was leaked out into the medium in connexion with disturbances in the meta- 
bolism. In barley roots the changes in metabolism appeared later, for the 
absorption increased at least up to 15 days without leakage. The disturbances 
were not so rapid and pronounced as in oat roots. The amount of phosphate 
absorbed by the rye roots and especially by the wheat roots increased with 
time and glucose concentration without disturbances. 

The phosphate calculated per glucose uptake was rather constant in 
wheat roots. In barley and rye there was a slow decrease, while in oats the 
decrease was very abrupt. 

Nitrate uptake (Figure 21). According to the analyses the oat roots had a 
small uptake of nitrate and it did not seem to leak out. Both in barley and 
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Figure 21. The nitrate uptake (in umol. Figure 22. The changes in the amount 
per 20 roots) of isolated cereal roots in of total organic nitrogen in mg. per 
relation to culture time. Glucose con- 20 roots in isolated cereal roots in 
centration 0.02 M (wheat also 0.1 M). relation to culture time. Glucose con- 


centration 0.02 M (wheat also 0.1 M). 


rye the uptake seemed to diminish before all nitrate was consumed. In wheat 
roots the nitrate absorption was still more rapid, and in some experiments 
all the available nitrate in the medium was consumed after 10 days. 

Increase in organic nitrogen (Figure 22). As to the increase in organic 
nitrogen several interesting facts were noticed, namely: 

1. The oat roots had only a very insignificant increase in the total organic 
nitrogen. Thus after 5 days 0.08 mg. nitrate was absorbed, but only 0.002 mg. 
had been assimilated. Thus the nitrogen metabolism seemed to be disturbed 
from the beginning of the experiments. Between 5 and 10 days from the start 
of the experiment the exudation of nitrogen compounds began according to 
this curve. At the end of the experimental time the roots must have been in a 
state of strong decomposition. 

2. In the barley roots there was a significant increase in nitrogen in the 
first week of culture, but then also in these roots the decomposition started 
and the exudation of nitrogen compounds took place. 

3. In the wheat and rye roots there was an increase in organic nitrogen, 
which continued for the whole culture period. Thus nitrogen was incor- 
porated in the protoplasm, which apparently also was the case with barley 
roots. The metabolism apparently functioned more satisfactorily, as no nitro- 
gen was exuded, at least no larger amounts. The decreasing slope of the curves 
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was certainly due to an exhaustion of the nitrate in the medium. In 20 ml. 
nutrient solution only 0.28 mg. nitrogen was available. 

From the experiments already mentioned (p. 561) with the cultivation of 
wheat roots in 100 ml. of 0.02 M glucose and represented in Figure 23, it 
was obvious, however, that after 10 days the growth of the inoculated wheat 
root meristems was almost finished; but the laterals continued to grow, as 
is apparent from the figures for fresh weight and dry matter. In this experi- 
ment 1.4 mg. nitrogen were available, but only 0.93 mg. was incorporated in 
the cell substance. Of 360 mg. glucose only 165 mg. were consumed according 
to a Q.-value of 0.5. Direct analyses of the sugar uptake were not carried 
out. Thus in this experiment the inhibited growth was not due to deficiency 
either in glucose or in nitrogen. Therefore some other factor must also influ- 
ence the growth, and this problem will be discussed later (p. 597). 

The ratio between the increase in nitrogen and the increase in dry weight 
was great in the beginning of the experiments both in barley and in oat 
roots, but it rapidly decreased with time. In the same manner rye had a high 
value in the beginning, but it was rather high even after 20 days. The wheat 
roots, on the contrary, had already from the start of the cultures a relatively 
low nitrogen content and the value also decreased with time as the nitrate 
of the medium was exhausted. But this was also true if nitrogen was given in 
excess (cf. Figure 23), even if the absolute values of the quotient in this case 
were higher. Thus we had the same picture in both instances, that is the nitro- 
gen incorporation in the protoplasm was at the same level until between 10 and 
15 days, but then the decrease started whether nitrogen was supplied or not. 
Physiol. Plant., 10. 1957 


GROWTH AND METABOLISM OF ISOLATED CEREAL ROOTS 567 


These results seem to indicate that even with the wheat roots there were 
disturbances in the nitrogen metabolism, while the assimilation of carbo- 
hydrate could function normally. The disharmony of these processes might 
be one of the reasons why subcultivations of wheat roots have not been 
successful. 

Conclusions. The results from the time experiments can be summarized as 
follows: 

Barley: The roots did not react to increased experimental time with in- 
creased real growth. The dry matter production increased slowly up to 
15 days but then stopped as did the glucose uptake. The economic quotient 
rapidly decreased between 5 and 10 days and then more slowly. Assimilation 
of nitrogen took place, but between 5 and 10 days a leakage of nitrogen com- 
pounds started, and the nitrogen per dry matter decreased markedly. Thus 
between 5 and 10 days disturbances in nitrogen metabolism appeared during 
the same time that the capability of utilizing glucose was changed. The glu- 
cose uptake and dry matter production continued to between 15 and 20 days. 
Then the metabolism on the whole seemed to break down. 

Oats: The roots did not react to increased experimental time with increased 
real growth. The increase in dry matter production and glucose uptake was 
very small and did not respond significantly to time. The Q.-values were 
small and irregular. There was only an insignificant nitrogen assimilation up 
to 5 days, then the leakage of nitrogen compounds started. Thus the meta- 
bolic processes were very slow already from the excision of the roots, and 
after 5 days the general metabolism was destroyed. 

Wheat: The roots reacted to increased time with real increased growth. 
The dry matter production and glucose uptake were large and increased with 
time. Q. was almost constant and high. The nitrate assimilation was good, 
but the cell substance produced had a low nitrogen percentage, even if nitrate 
was in excess. Thus the metabolism functioned well even if in some experi- 
ments growth disturbances appeared which were not caused by a deficiency 
in sugar or nitrogen. 

Rye: The roots reacted to increased time with increased real growth. The 
dry matter production and glucose uptake were small, however, in compari- 
son to wheat. The economic quotient was constant but smaller than in wheat. 
The nitrate assimilation was good with a high percentage of nitrogen in the 
cell substance. Thus the metabolism functioned well during the whole experi- 
mental time in agreement with the good growth results. 


It was apparent from these experiments that the changes in growth and 
metabolism appear more rapidly and are more far-reaching in excised oat 
roots than in excised barley roots. In these experiments it was also demon- 
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strated that different results were obtained according to at which time after 
the start of the experiment the analyses were performed. Generally, similar 
experiments were read at the same time after the excision. The normal time 
was 10 days, but as is apparent from the diagrams, some functions were in- 
hibited already at this time. 

It is difficult to draw definite conclusions about the causes of the growth 
disturbances in barley and oat roots only from the results here discussed. 
Thus barley and rye had rather identical glucose uptakes and dry matter pro- 
ductions, so a priori it could be assumed that the carbohydrate metabolism 
was intact also in barley. Here, however, the disturbances resulted in bad 
nitrogen metabolism. In oats the changes were more diffuse. The following 
experiments were undertaken to determine which processes in carbohydrate 
metabolism were blocked as a result of the excision of the roots. 


3. Attempts to Increase Sugar Absorption 


From the results of the experiments on the glucose uptake it was apparent 
that the absorption by barley and oats was generally smaller than that by 
wheat and rye. The question was whether this low uptake was the primary 
cause of the growth inhibition or it were a secondary phenomenon affected 
by the growth and the small consumption caused thereby. For a root the sugar 
uptake through the epidermis must be regarded as abnormal, for in normal 
conditions the carbohydrate is supplied via the phloem, and in the seedling 
the sugars move from the endosperm to the growing tip. In the literature 
there are two statements that the growth was improved by sucrose supply 
through the leaves as far as the present author is aware, namely Spoehr 
(1942) and Went and Carter (1948). These authors reported a relatively 
slight growth increase if sucrose was given via the roots. The two latter also 
showed that even sucrose taken up by the stem was first transported to the 
roots. The present author has studied the possibility of giving the roots glu- 
cose via the cut surface. A glass tube of about 10 mm. in diameter and 75 mm. 
in length had been contracted at one end to a capillary tube in which the 
root was fixed by means of a tube of polyethylene. In the tube sterile glucose 
solution was poured and the sterile system was placed into an Erlenmeyer 
flask with nutrient medium without glucose under sterile conditions. This 
procedure resulted in the normal elongation growth which characterized the 
growth of isolated roots of barley and oats, but no new cell divisions appeared 
(cf. Raggio and Raggio 1956, who used a similar method). The roots were not 
damaged. 

In isolated roots of wheat and rye, it must be regarded as proved that 
Ihe glucose absorption takes place via the root epidermis, as there is no 
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possibility that such large amounts of sugar are taken up by the small 
cut surface. 

The experiments on bean roots by Raggio and Raggio (1956) show that 
the same root length can be obtained either the sugar was absorbed via the 
whole root surface or via the cut surface only. Judging from their picture 
(figure 1 p. 467), however, the roots supplemented with sugar in the last- 
mentioned way were thin and tapering and seemed to have grown mainly by 
cell elongation. This might indicate some deficiency in the carbohydrate 
nutrition. 

The sugar uptake in animal tissues is generally regarded to be coupled 
with a phosphorylation process and as glucose in the plant metabolism is 
involved in the form of phosphate esters, the glucose uptake on the root sur- 
face has also been assumed to be connected with such a process (cf. Dormer 
and Street 1949, and Street and Lowe 1950). Lundegärdh (1955) has further 
developed this idea to a mechanism for both accumulation of glucose and 
absorption of phosphate. 

According to investigations performed by Thimann and Marrè (1954), how- 
ever, there seems to be some doubt as regards the phosphorylation process. 
The experiments included the study of the influence of hexose phosphates 
on the growth of sections of Avena coleoptiles and indicated, that the esters 
were not taken up by the cells. The coleoptile sections elongated, however, if 
glucose or sucrose was supplemented. The growth was stopped by phloridzin, 
an inhibitor of phosphorylases, but this inhibition was independent of the 
sugar uptake and could not be removed by additions of hexose phosphates. 

According to Goddard and Meeuse (1950) the enzyme sucrose phospho- 
rylase, originally found in Pseudomonas saccharophila, establishing equili- 
brium between sucrose and free phosphate on the one hand and fructose and 
glucose-1-phosphate on the other, has not been identified in higher plants. 
It was on this enzyme Dormer and Street (1949) founded their theory. 

Stenlid (1949) found an inhibition by dinitrophenol (DNP) on the sugar 
uptake by excised wheat roots. Since DNP acted by interfering in the phos- 
phorylation and the synthesis of ATP, this fact could be interpreted so that 
glucose was taken up by phosphorylation. 

The fundamental nature of the glucose transport through membranes is 
still obscure (Horecker and Mehler 1955). According to these authors the 
evidence of a phosphorylation process is very insignificant. Hestrin-Lerner and 
Shapiro (1953 and 1954) stated that glucose is not transported as such 
through the intestine membrane or as a phosphate ester, but is converted to 
an unidentified intermediate, which is metabolized. 

According to Lundegärdh and Burström (1944) the sugar uptake is an 
active process localized to the surface layer of the root as the anion absorp- 
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Table 16. The influence of ATP on the growth in mm. of isolated cereal roots 
grown for 10 days. 


i nn 


| Species | Barley | Oats | Wheat | Rye 
| Control 154 1.3 | 17+1.2| 178+ 9.7 | 67 +5.4 
ATP 10-5 M| 15+1.1 | 19+1.3| 125+10.6 | 75 +8.3 


tion. This process requires oxygen. The slow uptake of glucose in the experi- 
ments described here cannot simply be due to a deficiency of oxygen in the 
medium, as aeration and shaking also were resultless. 

a. Addition of energy rich phosphate as ATP. According to the current 
opinion ATP is the energy source in the phosphorylation process in the 
schaue glucose + ATP — glucose-6-phosphate + ADP 

This reaction is catalyzed by Mg** and the enzyme hexokinase. According 
to Bonner (1950 p. 136) the occurrence of hexokinase has not been studied 
intensively in higher plants, but activity was found in potatoes, spinach, and 
seedlings, and he assumed it to be widespread in higher plants. On the other 
hand, James (1953 p. 114) had the opposite opinion and regarded the process 
to be a doubtful reaction and stated that the evidence for the hexokinase 
reaction in higher plants was largely an analogy with other organisms. 

The effects of ATP on growth was studied in one experiment by additions 
of adenosine triphosphate, sodium salt, Sigma. The results are represented in 
Table 16. No hexokinase was supplied. No effects could be observed on bar- 
ley, oats, and rye, but there was an inhibition on wheat. Naturally it could be 
difficult to obtain results with this method, as most of the experiments on 
phosphorylation were not made with intact organs but with macerations. 
According to Dormer and Street (1949), however, the growth improvement 
obtained by addition of yeast extract to tomato roots in glucose media was 
due to the high content of ATP in yeast causing a stimulation of glu- 
cose uptake. 

b. Addition of hexose phosphates. The hexose phosphates are synthesized 
in the photosynthesis (cf. e.g., Bonner 1950 and Kandler 1954), and this pro- 
cess should be the main source of their occurrence in green plants; but they 
are also intermediates in the glycolysis. Growth experiments with hexose 
phosphates have been reported by Baldovinos (1950) who studied the effect 
of glucose-1-phosphate on sections of maize roots in varying pH and noticed 
improvement both in cell elongation and cell division within a very narrow 
pH range around 5. He explained the phenomenon to be due to the fact that 
the phosphatases had a minimum of activity at this pH and the glucose 
monophosphate therefore could penetrate the cells. Nilsson (1956) investi- 
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gated the effects of hexose phosphates on the growth of two Hymenomycetes 
and found a stimulating effect of fructose-1,6-diphosphate in rather low 
concentrations, so that it could not be used as carbon source, but no explana- 
tion was given. 

In experiments with additions of compounds of this type with large mole- 
cules there appears to be a new type of complication, i.e., whether this com- 
pound is transported into the cell or not. The most common method to get 
more intimate contact between the medium and the cell is to subject the 
organ to evacuation, so that the medium can penetrate into the intercellularies. 

In these experiments the following substances were tested, namely glucose- 
1-phosphate, potassium salt (Schwarz Laboratories Inc., New York), fructose- 
1,6-diphosphate, magnesium salt (the same origin) and sodium glucerophos- 
phate (20—28 °/o alpha, Eastman-Kodak Comp. Rochester, N.Y.). 

The extent of the experiment and the results are to be found in Table 17. 
Some of the cultures were evacuated. 

Neither the hexose phosphates used here nor the glucerophosphate were 
able to improve the growth, but, on the contrary, inhibitions appeared in the 
media supplemented with glucose. This held true for both cell elongation 
and cell division. These results were thus in agreement with those of Thi- 
mann and Marrè (1954). The reasons could be several. One possibility is that 


Table 17. The effects of glucerophosphate and hexose phosphates on the growth of isolated 
cereal roots cultivated for 10 days. 


Effects on growth 


Media | 


Barley | Oats | Wheat 


Glucose-1-phosphate 


0.05 M glucose 


0.05 M glucose + 
0.00746 M gl-1-ph 


0.00746 M gl-1-ph 
Fructose-1-6-diphosphate 
0.05 M glucose 
0.05 M glucose +! 
0.05 M fr-1,6-diph 
0.05 M fr-1,6-diph 


Glucerophosphate 
0.05 M glucose 


0.05 M glucose + 
0.05 M gluceroph 


0.05 M gluceroph 


normal elongation 


normal elongation 
no elongation 


normal elongation 


no elongation 


no elongation 


normal elongation 


no elongation 


no elongation 


normal elongation 


normal elongation 
no elongation 


normal elongation 


no elongation 


no elongation 


normal elongation 


no elongation 


no elongation 


not studied 


normal growth 
about 125 mm. 


growth inhibition 
about 35 mm. 
no growth 


normal growth 
about 125 mm. 


growth inhibition 
about 82 mm. 
no growth 
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the substances were not absorbed, but this is not yet investigated. Another 
possibility is that, if an uptake really occurs, the substances can be toxic by 
being present in too high concentrations in the cells. In vivo the glucose 
phosphate probably is metabolized at the same rate as it is formed. Therefore 
an accumulation is likely to be followed by an inhibition. The compounds in 
the experiments discussed here were given in amounts corresponding to the 
normal requirements of carbon sources. Naturally this also resulted in a high 
phosphate concentration in the medium, higher than was normally used, and 
this could possibly contribute to the inhibition of growth. As a support for 
the view that a phosphorylation really takes place on the cell surface but 
that added hexose phosphate is without effect, White (1951) gave the follow- 
ing explanation. The material actively absorbed via the cell surface is freshly 
formed (nascent) hexose phosphate, which neither can be replaced by the 
hexose and phosphate in uncombined form, nor by the addition of preformed 
hexose phosphate to the medium. Naturally it is difficult to contradict such 
a statement. 

c. Respiration effects from hexose phosphates. According to the previous 
experiments hexose phosphates could not be used as carbon sources for the 
roots, but, on the contrary, had an inhibiting effect on the growth in some 
cases. This fact gave some indications that the substances were taken up 
by the roots to a certain extent. Such a process was doubted by Thimann 
and Marrè (1954) from the experiments with Avena coleoptile sections. 
These authors stated that first a splitting in hexose and phosphate must take 
place. Thus in mere hexose phosphate no increase in the phosphate content 
in the sections studied was observed which, however, occurred if inorganic 
phosphate was supplied. 

In order to study whether added hexose phosphates could take part in the 
metabolism or not, a series of respiration experiments were performed ac- 
cording to the usual Warburg methods, i.e., the oxygen uptake per 10 root 
tips of 10 mm. length, freshly excised from sterile 2-day-old seedlings (cf. 
p. 598). The basic medium was the standard medium without glucose. The 
results are represented in Table 18. The hexose phosphates and glucose were 
given in 0.05 M. Glucose-6-phosphate was available as the insoluble barium 
salt, which was transformed to soluble potassium salt according to the 
method by Gibbs (1954). 

The endogenous respiration for all species was smaller than the respira- 
tion in glucose or in hexose phosphate. Further it was apparent that in young 
roots of all the species studied here all the compounds could be taken up 
and utilized in the respiration. There was a variation in the capability of the 
different compounds in increasing the oxygen uptake, but it was difficult to 
draw more far-reaching conclusions as the material was not very large. 
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Table 18. The oxygen consumption of isolated cereal roots in different carbon sources for 
5 hours given in ul. per 10 root tips of 10 mm. length. 
EEE u u 


| Substrate | Barley Oats Wheat Rye | 
\ | 
Fructose-1,6-diphosphate 88 90 95 99 
| Glucose-1-phosphate 62 80 82 64 
Glucose-6-phosphate 46 72 100 93 
Glucose 60 101 93 75 
Endogenous 25 63 | 72 65 


As to wheat and rye, however, the respiration in glucose-6-phosphate and 
in fructose-1,6-diphosphate was as great as in glucose. If the uptake of these 
compounds had to be preceded by a dephosphorylation and then be rephos- 
phorylated in the root, the effect on the respiration should be smaller than that 
of glucose, which only had to be phosphorylated before it entered the meta- 
bolism. Therefore it seems plausible that both hexose phosphate and glucose 
could be taken up by the roots. 

The growth inhibitions obtained in the cultivation experiments could be 
explained as originating from too high a phosphate concentration. In normal 
cultures the total amount of phosphate was only 6 umol., but when hexose 
phosphate was given in 0.05 M it was as large as 1 mmol. From the data al- 
ready given in Table 17 it is shown that in cultures with a mixture of glucose 
and glucose-1-phosphate, the latter compound only given in a total amount 
of 150 umol., the growth of barley and oat roots was normal. In the cultures 
with a mixture of glucose and fructose-1,6-diphosphate, however, where the 
total amount of this compound was 1 mmol., growth inhibitions appeared. 
The most pronounced difference between these two media lay in the con- 
centrations of the hexose esters. This must be the cause of the growth diver- 
gences, as it certainly was not dependent upon the nature of the esters. In 
media of both types of hexose phosphates growth was totally inhibited and 
no differences could be found. 

This fact that elongation of ihe roots was not noticed in mere hexose phos- 
phates not even at low concentrations, would indicate a specialization in the 
carbohydrate metabolism, i.e., hexose phosphate could be used in the respira- 
tion but not for the formation of polysaccharides or osmotically active sub- 
stances. 

Gibbs (1952) reported that there are many indications that the mechanism 
for the carbohydrate metabolism is the same in higher plants, yeast and 
muscle. The isolated cereal roots studied here showed that the cells had 
enzymes for oxidation of fructose-1,6-diphosphate, glucose-6-phosphate, glu- 
cose-1-phosphate, and glucose. On the other hand, phosphogluceric acid gave 
no increase above the endogenous respiration. These experiments carried out 
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with freshly excised roots indicated that there were no fundamental differ- 
ences between the species during this time. It is naturally impossible to per- 
form similar studies with roots cultivated for different lengths of time in 
sterile cultures, as in that case eventual differences in enzyme activity might 
be concealed by the effects of the glucose previously added for maintaining 
growth. Therefore it was difficult to determine the time curve for the decrease 
in enzyme activity. 

d. Effects of boric acid on the carbohydrate metabolism. Even if glucose 
was taken up by the root epidermis in sufficient amounts, an unsatisfactory 
nutrition with glucose could be obtained if there were transport difficulties 
within the root. Mitchell et al. (1953), Gauch and Dugger (1953), and Sisler 
et al. (1956) stated they had found a method for increasing the mobility of 
the carbohydrates in the plant by giving as high boron concentrations as 
5 p.p.m. in the nutrient medium. Hereby the boric acid together with carbo- 
hydrate formed an ionizable sugar-borate complex which was translocated 
with greater facility than the non-borated, non-ionizable sugar molecules. 
Their investigations included sucrose, which normally should be transported 
through the cellular membranes only with difficulty. But also glucose forms 
a complex with boric acid (Zittle 1951). Carbohydrates are often lacking in 
the meristems of boron-deficient plants (White-Steevens 1938), a statement, 
which gave rise to the idea of a connexion between the growth inability and 
boron nutrition. 

Gauch and Dugger (1953) determined the respiration and stated that the 
increase which mostly appeared in conjunction with high boron additions 
was caused by an increase in the translocation of sucrose. Boron itself had no 
specific effect on the respiration, but the authors showed an increase in the 
sugar mobility by using labeled sucrose and boric acid. They did not believe 
in the hypothesis on the sugar uptake vindicated by Dormer and Street (1949) 
and Street and Lowe (1950), but they regarded boron to be the dominant 
factor in the uptake and movement of sucrose and its hydrolytic products 
from cell to cell. This line of approach seemed to be rather promising. 

The standard media included 0.0035 mg. B per litre, which concentration 
thus was considerably less than that used by Gauch and Dugger (1953). The 
effects of the increased boron concentration were studied on growth, general 
metabolism and respiration. The growth results are given in Table 19. No 
significant differences in the growth of barley and oats from increased boric 
acid concentration were to be found, and this was in agreement with other 
previous results (p. 552). Observations of both the external morphology and 
microscopic investigations suggested that no differences were present. In 
wheat roots a decrease in the average values of the root length appeared in 
media with high boron, but otherwise the roots were very similar. The time 
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Table 19. The growth in mm. of isolated cereal roots cultivated for 25 days in media with 
different concentrations of boron. 


| Boron mg. per litre | Barley | Oats | Wheat | 
| 0.0035 | 21 +1.8 TEE ICO 339-+25.0 
5.0 17+1.0 13-41.0 260+41.6 


Table 20. The metabolism of isolated cereal roots cultivated in media with low and high 
boron concentration given per 20 roots. 
a ET ee 


ur Boron Increase in Absorption Increase in 
Species es Fresh weight| Dry matter of glucose Qe org. nitrogen 
8 mg. mg. ne; De 
Barley 0.0035 21 3.5 30.2 0.12 | 0.007 
| 10 days 5.0 18 3.2 16.2 0.20 — 0.023 
Oats 0.0035 19 0.6 5.6 0.11 — 0.103 
| 10 days 5.0 5 0.2 5.8 0.03 — 0.107 
Wheat 0.0035 135 10.8 25.7 0.42 0.149 
10 days 5.0 131 99 23.9 0.41 0.171 
Wheat 0.0035 229 25.3 55.1 0.46 0.187 
25 days 5.0 251 26.3 Dos 0.44 0.195 


of cultivation amounted to 25 days and this gave a relatively large spread in 
the values. Thus the lengths varied between 120 and 600 mm. in the boron- 
rich medium and between 160 and 490 in the boron-deficient. 

Table 20 represents the determinations of the cell substance production and 
glucose uptake. Direct analyses of the amount of absorbed glucose were not 
published by Gauch and Dugger (1953). The determinations performed here 
gave no support to the conception that an increase in the boron concentration 
should increase the glucose uptake, for as regards oats and wheat no signifi- 
cant differences were to be found and in barley there was a decrease. The 
Q.-values gave some indications that with barley the respiration in relation 
to assimilated glucose was slightly inhibited by the elevation of the boric acid 
content, while the remaining species had a very small tendency toward in- 
creased respiration. The boron concentration seemed to have no pronounced 
effect on the nitrogen metabolism either. 

In the investigations on respiration the root tips used were excised a rela- 
tively short time before the start of the experiment and thus they had not 
been grown in sterile culture. 

The following three determinations were made, namely: the endogenous 
respiration, the exogenous respiration in 0.0035 mg. B per litre, and the exo- 
genous respiration in 5 mg. B per litre, both in glucose. 
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Figure 24. The influence of boron on the oxygen consumption of excised roots of wheat 
and oats given in wl. per 10 roots of 10 mm. length. Glucose concentration 0.1 M. 


With freshly excised root tips from three-day-old wheat seedlings no dif- 
ferences in gas exchange were established. Therefore the endogenous respira- 
tion must be lowered by placing the tips in the media with low B concentra- 
tion without glucose. The solution was aerated for 12 to 18 hours with 
sterile air in order to avoid bacterial contamination. The experiments in- 
cluded three glucose concentrations, namely: 0.05, 0.1, and 0.9 M. Some 
of the experiments are represented in Figures 24 and 25. No significant dif- 
ferences between the respiration in high and low boron concentration could 
be shown, and the concentration of glucose in the medium seemed to play 
no role. It was also apparent from the paper by Gauch and Dugger (l.c.) 
that the positive effect of increased boron concentration did not always 
appear. 

In the investigations performed here no positive effects on growth, glucose 
uptake, and respiration could be noticed. Naturally it is possible that the 
circumstances could be somewhat different in sucrose solutions and with an- 
other plant material. The amount of boron in the standard medium, 0.0035 
mg. per litre, however, seemed to be satisfactory. No studies with a medium 
completely deficient in boron were made, as this on the whole involves tech- 
nical difficulties, especially with sterile cultures, as glass cannot be used either 
in the culture flasks or in respiration vessels. 

e. Effects of oestrone. Bullough (1952) showed on isolated animal tissue, 
namely epidermis from mouse ear, that oestrone increases the permeability 
of the cell membrane to glucose and at the same time the mitose activity. 
Such took place only if there was an abundance of glucose available and it 
could be oxidized in the tricarboxylic acid cycle. The same compound also 
increased the permeability of the animal cell membrane to phosphate (Bengts- 
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Figure 25. The influence of boron on the oxygen consumption of excised roots of wheat, 
rye, and oats given in w. per 10 roots of 10 mm. length. Glucose concentration 0.9 M. 


son 1953), and thus it seemed to have influence on two important factors 
in the carbohydrate metabolism. From animals it is obvious that every factor 
interfering in the glycolysis or tricarboxylic acid cycle disturbes the mitosis. 
Bullough believed the effect of oestrogenic substances was primarily mito- 
genic. There are also several notes in the literature of the influence of these 
substances on plants, but it is difficult to elucidate the true course of the 
mechanism. There are, however, well established examples of the effects of 
oestrone on vegetative growth. Fiedler (1936—37) reported an insignificant 
increase in root length of isolated maize roots. Bonner and Axtman (1937) 
found a small positive growth stimulation of pea embryos by oestrone to- 
gether with thiamin, pantothenic acid, and ascorbic acid. The problem has 
further been treated by Bonner (1937), Zollikofer (1942), Schopfer (1949), 
and Helmkamp and Bonner (1953). The two last-mentioned authors noticed 
a growth increase of 20 per cent in the stems of excised pea embryos. There 
was no insight into the biochemical role of the substance, but the authors 
regarded it to be an important factor in the plant. 

Starting from Bullough’s assumption of the effects of oestrone on the ani- 
mal cell and mitosis, some experiments were carried out for comparing 
whether similar conditions prevailed in the plant. The substance used was 
oestrone (Astra). The compound is only slightly soluble in water. Hodgman 
(1955) reported a solubility of 20 mg. per litre, that is 7.4: 107% M. On the 
basis of this information the media were prepared. The media were auto- 
claved at 0.5 atm., as no decomposition was supposed to take place, as the 
melting point was 120°C. Sjöblom (1956), however, after having reviewed 
earlier investigations on the solubility of oestrone, found by own invest- 
igations that the solubility at 20°C was only 1.5+0.1 mg. per litre or 
5.7:10-6 M. Thus the solutions prepared here have been supersaturated. 
The results are summed up in Table 21. 

The oat roots did not give any growth increase due to stimulation of the 
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Table 21. The metabolism of isolated roots of oats and wheat cultivated in different 
concentrations of oestrone. 


Root Increase in Increase in |O, consump- 
Species Ro growth dry matter ru OF organic N | tion pl/mg. 
3 mm. mg. a ; mg. dry matter 
0 15+ 2.6 1.3 5.2 0.251 —0.078 7.4 
71.4X10—5| 13+ 2.6 129 5.8 0.33 — 0.008 5.7 
Oats 3710-41 12423 1.1 5.2 | 0.21| —0.163 5.7 
7.4Xx10-%| 14+ 2.0 1.6 5.0 0.32 — 0.033 6.2 
0 131 + 54.5 11.2 26.3 0.42 0.152 10.4 
7.4%X10—| 145 + 48.7 15.6 30.8 0.51 0.148 957 
Wheat |37K10-—1| 111 + 39.1 9.6 20.5 | 0.47 0.102 9.1 
7.4 10-*| 115 + 15.1 8.6 16.7 0.52 0.109 8.7 


cell divisions. The wheat roots showed a slight stimulation, namely 11 per 
cent in 7.4-10-5 M, but it was probably not significant. From the remaining 
figures in the table it was apparent that oestrone did not have any positive 
effect on the metabolism. It did not seem to have any stimulating effect on 
the cell divisions and probably its effect in animal tissue is more specific. 


4. Studies on Submerged Oat Seedlings 


In order to study wheather there is an absorption barrier for glucose in 
oat roots or not, some experiments on this problem were performed on intact 
seedlings. These were cultivated under aseptic conditions according to the 
sterile methods described on p. 526. 

Table 22 represents an experiment with deseeded oat seedlings cultivated 
in light in a medium with 0.01 M glucose and the roots submerged. There 
was a marked increase in root length and in glucose uptake with time. The 
dry matter also increased in the roots, especially during the first week, while 
the nitrogen content decreased. By this experiment it was demonstrated 
clearly that glucose could be taken up by the roots. Further it was apparent 
that glucose had no inhibitory effect on root growth. 


Table 22. The metabolism of sterile deseeded oat seedlings cultivated in light in a medium 
with 0.01 M glucose given per 5 seedlings (only roots submerged). 


Time in days Part of the Root length | Increase in dry |Absorption of| Increase in org. | 
seedling mm. matter mg. glucose mg. nitrogen mg. 
- roots 77 + 10.5 225 21.6 — 0.17 
leaves — 20.6 = 0.90 
12 roots 128 -+ 18.7 12.8 54.6 — 0.16 
” leaves — 41.6 — 1.25 
99 roots 150 + 17.4 10.2 44.6 — 0.24 
3 leaves — 52.6 = 1.10 
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Table 23. The growth and metabolism of sterile oat seedlings cultivated in darkness at 
25°C in different manners: 

: seedlings with endosperms, the leaves above the surface of the medium, 

: seedlings lacking endosperm, the leaves above the surface of the medium, 

: seedlings lacking endosperm, but completely submerged, 

: seedlings lacking endosperm, completely submerged, but the leaves partly excised. 


aarp 


Glucose conc. 0.01 M. The values are given per 5 seedlings. 


Type of nein Fi Increase in Absorption Increase in 
experiment days Root length Dry matter of glucose org. nitrogen 
longest root mm. | mg. mg. mg. 
H 7 144 + 10.3 13.5 18.0 — 0.28 
14 165 + 20.7 13.4 30.6 — 0.04 
b fl 25 + 7.4 0.4 15.8 — 0:21 
14 LE 9.9 0.7 26.1 — 0.16 
À 57 + 15.3 129 22.5 + 0.02 
14 168 + 31.9 6.9 45.4 0.05 
d 1 48 + 11.9 4.8 16.7 — 012 
14 Varying 3.0 42.3 — 0.06 


In some preliminary experiments with sterile oat seedlings it happened 
that some seedlings by accident were completely submerged in the culture 
medium. It was noticed that the roots of these plants had a better linear 
growth than the roots of those seedlings which had only their roots in the 
medium. It appeared that seedlings totally submerged had well developed 
roots and feebly developed shoots, while in seedlings in a normal position the 
opposite conditions were to be found. In order to elucidate this problem more 
closely some experiments were started. A part of the results are represented 
in the Tables 23 and 24. 

All experiments were performed in darkness in normal basic medium with 
0.01 M glucose. 

In Table 23 there is a study on the effect of the endosperm on the root 
growth. The experiments included the following treatments: 

a. seedlings with endosperm, the leaves above the surface of the medium. 

. seedlings lacking endosperm, the leaves above the surface of the medium. 

. seedlings lacking endosperm, but completely submerged. 

. seedlings lacking endosperm, the leaves partly excised and completely 
submerged. 


CROIS 


The initial root length of the seedlings at inoculation was about 60 mm. 
At the control of the experiments only the length of the longest root was 
determined and given in the table. It is apparent from the figures that the 
root growth in a. was about 20 mm. a day during the first 7 days, but during 
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the following week only a very slight additional growth took place. The 
nutriment from the endosperm lasted for the 7 days. In b. the root growth 
was very small during the whole culture time. Thus without endosperm the 
roots did not elongate, even if glucose was available in the medium. In c. 
the root growth was about 7 mm. a day during the first week, but 14 mm. 
during the whole period. In d. the growth during the first week was 6 mm., 
but the cultures harvested after two weeks were so heterogeneous that no 
good average value could be calculated. At the reading after 14 days all meri- 
stem cells had elongated in a. and b. but not in c. and d. 

Thus the most rapid root growth took place during the first week in the 
seedlings with endosperm, before this was exhausted. When the shoot was 
submerged, however, there was an appreciable linear growth also during the 
second week. The dry matter production, however, was much higher in the 
roots from seedlings with endosperm which indicated what a pronounced 
effect this organ had on the root growth. 

Glucose was absorbed in all treatments, but the strongest uptake was to be 
found in c. and d., thus showing that the leaf had some function in the 
mechanism of the glucose uptake. 

The content of organic nitrogen in the roots diminished except in c., but 
unfortunately the total nitrogen balance in the seedlings was not determined. 
Therefore it is impossible to estimate the size of the nitrate assimilation. The 
nitrogen increase in c. was very small, however, and did not correspond to 
such a good protein synthesis as was found, e.g., in isolated wheat roots, but 
this could depend upon the distribution of the nitrogen between leaf and 
root. On account of the relatively large volume of nutrient media used, it 
was impossible to examine the balance between nitrate uptake and assimila- 
tion by means of the nitrate absorption. 

In Table 24 there is a more complete study of the nitrogen increase in the 
total oat seedling. Three types of cultures were used: 


a. only the roots submerged in the medium. 
b. the whole seedling submerged in the medium. 


c. the whole seedling submerged in the medium, but the shoot was partly 
excised. 


All the plants were deseeded and the experiment gave the following results. 
In spite of the fact that the root growth was larger in submerged plants, 
there was no increase in dry matter; but the dry weight was about the same 
or even smaller than in the seedlings at the start. But if the whole plants 
were compared, the increase was greater in submerged plants. As there was 
no increase in protoplasm and wall substance, the root growth must have 
been accompanied with a strong water uptake. 
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Table 24. The metabolism of deseeded sterile oat seedlings cultivated in darkness in a medium 
with 0.01 M glucose (a=only roots submerged; b=whole seedling submerged; c=whole 
seedling submerged but the leaves excised). The values are given per 5 seedlings. 


Time in days Part of the Root length | Increase in dry |Absorption of| Increase in org. 
seedling mm. matter mg. glucose mg. nitrogen mg. | 
AE EE er a 
|, roots 168 m ee CL, 
leaves — 6.5 | — | 0.07 | 
7 b roots 77+ 6.2 — 3.9 12.2 | — 0.19 
leaves _ 4.9 | — 0.07 
= roots 116 + 11.8 0.1 | 9.0 0.05 
leaves — 29 | — 0.00 
a roots 53 + 4.5 — 1.8 14.0 — 0.01 
leaves = — A = 0.86 
14 j Toots 160 + 18.4 2.6 34.2 0.14 
leaves == 16.4 = 9.71 
¢ Toots 134 + 25.5 — 2.4 19.8 | 0.01 
\ leaves = 15.8 — 0.30 
a roots 54+ 6.7 — 3.3 16.2 0.00 
‚eaves _ 8.4 == | 1.34 | 
an j roots 273 + 63.3 — 0.6 LATE Ep — 013 | 
4 leaves — 29.3 | — 0.77 | 
~ Toots 217 + 62.5 3.9 | 25.4 0.12 
leaves — 26.4 | = 0.95 | 


The leaves of the submerged plants increased markedly both as regards 
fresh weight and dry weight. Thus the synthesis took place here. The glucose 
absorption was greater when the plants were completely submerged. From 
the determinations on nitrogen metabolism it was found that nitrate was 
both absorbed and assimilated and the increase of nitrogen was located in 
the leaves. 

Discussion. The following conclusions can be drawn from the data in 
the Tables 22 to 24. 

The endosperm gave a rapid growth and high dry matter production of the 
roots. After exhaustion of the endosperm the root growth stopped. 

The linear growth of the roots was certainly favoured in plants with leaves 
submerged in the medium, but the roots were thin and had low dry matter 
production. It was noticed, however, when comparing the strength of the 
roots. that roots from all types of oat seedlings cultivated here were surpri- 
singly tough and the same phenomenon was observed in other experiments 
with 0.05 M glucose. In other words, intact oat roots had better developed 
mechanical cell elements than was usually the case with the brittle isolated 
roots. This indicated that there were some fundamental differences in the 
carbohydrate metabolism between intact and isolated oat roots in spite of 
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the low dry matter production. Isolated roots of barley were also very brittle, 
although their carbohydrate metabolism was very similar to that of wheat 
and rye, which roots, however, kept their normal toughness also after 
excision. 

Glucose was absorbed by the roots both in light and darkness, but the up- 
take in darkness was only about 50 per cent of that in light. In light there 
was an increase in dry matter, but whether or not this was due to stored 
glucose was not investigated. 

In oat roots there was apparently a mechanism for glucose uptake; it 
seemed to be strongly intensified by the transpiration stream, as was already 
pointed out by Went and Carter (1948) for other plant material. 

In completely submerged oat seedlings the glucose uptake was also accele- 
rated. This was due either to increased uptake through the roots or additional 
absorption via the leaves. The second hypothesis was not studied experiment- 
ally, but it seemed to be the more probable. The uptake was, namely, 
approximately proportional to the size of the leaves. That is, it was smallest 
when only the roots were submerged and largest when the whole shoot could 
function as an absorbing organ. That the leaf can function in the carbo- 
hydrate uptake mechanism has already been shown by Spoehr (1942) in 
cultures of albino maize. 

These experiments also showed that glucose did not act inhibitingly on the 
growth of intact oat roots, and thus there is no reason for assuming that this 
should be the case in cultures of isolated roots. For comparison it can be men- 
tioned that the linear growth per day of isolated wheat roots in the glucose 
concentration used here was small, namely, only 3 mm. a day compared to 
7 mm. or more in submerged oat seedlings. As the latter were cultivated in 
darkness, this growth effect could not originate from any substance produced 
in photosynthesis. 

There was generally a reduction in the content of organic nitrogen in the 
oat roots in these experiments. This holds true both in light and darkness and 
with and without endosperm. On the other hand, a nitrogen increase appeared 
in the shoot. Comparative experiments have been carried out with deseeded 
wheat seedlings completely submerged in two types of cultures in darkness, 
namely: with intact shoot and with excised shoot (Figure 26). The long- 
est roots were to be found on the plants with excised shoot. From the figures 
for total organic nitrogen it is evident that an uptake and assimilation of 
nitrate took place. In intact plants the nitrogen increase in the roots was 
largest in the beginning of the experiment, then the nitrogen compounds 
seemed to disappear. In seedlings with excised shoot the nitrogen content in 
the roots increased slowly the whole time. There was consequently a dif- 
ference in the nitrogen metabolism in oat and wheat roots. 
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Figure 26. The variation in the con- 
tent of total organic nitrogen in 
deseeded, submerged wheat seed- 
lings with increasing culture time. 
Culture conditions: darkness, 25°C, 
and complete nutrient media with 
0.01 M glucose. The values are given 
per 5 seedlings. Roots, and leaves, 
belong to plants with partly excised 
leaves. 
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Nitrate must have been absorbed by the oat roots and further assimilated 
both in light and in darkness, as nitrogen compounds accumulated in 
the leaves. 

In spite of the fact that glucose was absorbed in large amounts both by the 
roots and the leaves of the oat seedling together with nitrogen, the growth of 
the roots was not as normal as before the endosperm was exhausted. These 
facts indicated that some additional factor was required, normally to be 
found in the endosperm, and apparently co-operating with nitrogen assimila- 
tion in the maintenance of normal root growth. 


VII. Nitrogen Metabolism 


Isolated roots with the ability of continuous growth must have a mecha- 
nism for reducing nitrate (cf. Robbins and Schmidt 1938). Often the growth 
could be improved by addition of some amino acids, e.g., glycine. For this 
reason it is possible that the nitrogen metabolism may have been disturbed 
even when the growth was regarded as satisfactory. It is known, however, 
from Burström (1951) and Kandler and Eberle (i955), that the root length 
can be varied considerably, e.g., by the interaction of the antiauxin PCIB 
(cf. p. 544), without accompanying protein synthesis. In spite of a remarkably 
increased root length by cell elongation, the amount of organic nitrogen was 
constant. The present author obtained similar results with submerged oat 
seedlings (p. 580). In normal elongation growth there is a considerable pro- 
tein formation (Kopp 1948), and also the growth by cell divisions is coupled 


with such synthesis. 
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1. Nitrate Assimilation 


Isolated wheat roots are able to assimilate nitrate, which has been shown 
by Burström in several investigations (1938, 1939, 1940, and 1949), but for 
the remaining species no reports are to be found in literature as far as the 
author is aware, except the report by Postma (1939) for oats. 

In the studies on the changes taking place in the roots on different occa- 
sions after excision, the amount of organic nitrogen was also determined. In 
barley and oats there was a slight increase during the first days (cf. 
Figure 22), but then the nitrogen content diminished and nitrogen compounds 
were exuded in the medium, which was found by direct analyses. The nature 
of the exudates was not studied more closely in this case, but Kandler (1951) 
and Kandler and Eberle (1955) demonstrated that isolated maize roots 
exuded amino acids. 

In wheat and rye the nitrogen content increased steadily (cf. Figure 22), 
and as to wheat all available nitrate was rapidly absorbed and assimilated. 
As previously reported, it was evident that there apparently were disturbances 
in the nitrogen metabolism in barley and oats connected in some way to the 
inhibited growth. 

The nitrogen source in the standard medium was nitrate. In some experi- 
mental series it was replaced with ammonium chloride, but also then the 
cell elongation diminished in barley and oat roots. Moreover some experi- 
ments in which ammonium nitrate was added to the standard medium 
(Table 25) resulted in a diminished growth of wheat and rye but oats were 
not influenced. The inhibition increased with rising concentration and was 
most pronounced in regard to wheat. The whole metabolism was strongly 
disturbed, for the Q, diminished from 0.54 to 0.25, as well as the cell sub- 
stance production and glucose uptake. The experiment verified results pre- 
viously found. 

It seems to be a general phenomenon that compounds of ammonia are a 
poor nitrogen source for isolated tissues. Thus Sanders and Burkholder (1948) 
reported that nitrate on the whole was the best source, although ammonia 
could sometimes be utilized and was in a few cases a good source (cf. also 
Robbins and Schmidt 1938 and Naylor and Rappaport 1950). Heller (1953) 
found that ammonium chloride could not be utilized by isolated tissues, but 
stated that pH changes apparently could not be the cause of the growth 
inhibitions. He stated that glucose was decomposed in autoclaving, but this 
statement was not verified by using sterile-filtered media. Kandler and Fink 
(1955) showed that in embryos of Fraxinus nitrate could not be substituted 


by ammonium salts. Recently Street (1955) reported, however, that he had 
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Table 25. The growth of isolated cereal roots cultivated for 10 days in media of different 
concentrations of ammonium nitrate. 


GR CT 
HNNO, mM| Com ly | 48 | 
| Oats 182111254216 an 
Wheat 85+28|64+42| 52425) 3741.9] 38 + 28 
| Rye 62 E 2.1 | 6042.5] 56H 4.5| 47 L 2.3 | 48420 


succeeded in cultivating excised roots in ammonium in pH 7.0 to 7.5 and also 
found a pH optimum of 4.3 to 5.0 for nitrate and 5.5 to 6.5 for nitrite. 

Nitrate was absorbed by all species studied here but in different amounts. 
This was evident both from the time experiments and from the experiments 
with varied glucose concentration (cf. Figures 12 and 21). However it is dif- 
ficult to establish the real ratio between the uptake of the different species, 
because nothing is known of the capability of the roots to store nitrate. 
Absorbed unassimilated nitrate can be exuded to the medium again via the 
cut surface by the root pressure, which can be very great in isolated roots 
(White 1938). The total amount of nitrate absorbed from the media is, there- 
fore, no measure of the rate of absorption (cf. Burström 1940). The values of 
the nitrate uptake in the tables thus represent the nitrate which has dis- 
appeared from the medium. Referring to these circumstances, it can be estab- 
lished that the total nitrogen uptake of oats was smaller than that of the 
other species including barley. Thus in this respect the two species were 
divergent. With wheat and rye no disturbances seemed to occur in the 
N-assimilation, at least during the cultivation time employed here. A compa- 
rison between nitrate uptake and nitrate assimilation of barley and wheat 
is given in Table 26. It is apparent that the nitrogen metabolism of the two 
species was fairly concordant at least after 10 days. A time experiment on the 
nitrate reduction in oat roots with analyses about every third day (Table 27) 
indicated an insignificant reduction or none at all in some cultures. Thus in 
oats nitrate could be taken up to a certain extent, but the assimilation was 
imperfect. Instead there was a decomposition of proteins followed by an 
exudation and the death of the roots. 

Thus isolated barley roots apparently had an effective mechanism for 


Table 26. The assimilation of nitrate by isolated roots of barley and wheat cultivated 
for 10 days in 0.02 M glucose. The values are given per 20 roots. 


Species | Nitrate absorbed mol. Nitrate accumulated jtmol.| Nitrate assimilated pmol. 


Sr 


| 

| | | 

| Barley | 10.3 | 2.8 Fa 
| | | 


Wheat | 10.6 | 3.5 
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Table 27. The assimilation of nitrate by isolated roots of oats cultivated in 0.02 M glucose. 
The values are given per 20 roots. 


Time in Glucose Nitrate Nitrate accu- Nitrate assi- 
days absorbed p1mol. absorbed pmol. mulated pmol. milated pmol. 
0 = | = 0.2 
3 11 | 2.9 — — 
6 12 | 4.1 2.3 1.8 
9 14 | = = 
12 30 9.4 8.4 1.0 
15 25 où 10.4 0 
18 34 | 10.0 112 0 


reduction, while such a mechanism was imperfect or disturbed in isolated 
oat roots. This differs from the results by Postma (1939), who did not work 
with sterile material, however. 

Burström (1938) showed the existence of an obvious parallelism in wheat 
roots between assimilated nitrogen and consumed carbohydrate and further 
stated that as a limiting factor for the nitrate assimilation the carbohydrate 
supply must be primarily considered. In wheat roots he found that without 
carbohydrate nitrate was only taken up and accumulated. If the carbohydrate 
was sufficient, nitrate was also assimilated. The present author has demon- 
strated an uptake of both glucose and nitrate in isolated oat roots but the 
processes were not followed by a nitrate reduction. It is uncertain whether 
disturbances in carbohydrate metabolism could cause this inability, for the 
respiration was relatively normal (cf. p. 604) and the glucose uptake adequate 
during the first days after excision. 

The influence of trace elements on nitrate reduction has been intensely 
studied, e.g., Fe and Mn by Burström (1939, 1940, and 1949) and Mo by 
Mulder (1948). Hannay and Street (1954) found as to Mn and Mo that these 
elements could partly substitute each other in cultures of isolated tomato 
roots. But the effect on nitrate assimilation was not studied. By the work of 
Evans and Nason (1953) it seems now well established that Mo is the funda- 
mental trace element in the nitrate reduction enzyme complex. This element 
was always supplied in the nutrient medium, and therefore it is rather in- 
credible that a simple deficiency or surplus would cause the inability of 
nitrate reduction. 

Virtanen and v. Hausen have emphasized (e.g., 1951) the co-operation of 
such reducing substances as ascorbic acid in the reduction of nitrate in plants. 
Both in cotyledonless pea seedlings and wheat embryos isolated from endo- 
sperm the growth and total organic nitrogen were promoted by this substance, 
which normally is synthesized in the green parts of the plant. This possibility 
has not been studied more closely on isolated oat roots, as no growth promo- 
tion was obtained by supplying ascorbic acid. 
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2. Effects of Organic Nitrogen Compounds 


Starting from the results discussed in the preceding pages that the nitrogen 
assimilation was inhibited in isolated oat roots and nitrogen compounds were 
exuded from both oat and barley roots, there was reason for investigating 
whether organic nitrogen compounds could complement nitrate and parti- 
cipate in the construction of the proteins necessary for real growth. In this 
connexion the influence of amino acids, amides and hydrolyzed casein (Cas 
amino acids, vitamin-free, Difco) were investigated. All these compounds 
have in several cases been reported to exert a stimulating effect on the growth 
of tissue cultures and isolated embryos. 

That organic nitrogen compounds could be utilized by grasses was dis- 
covered by Virtanen et al. (1933), who reported that the growth of oats in- 
creased when cultivated together with leguminous species apparently by the 
influence of amino acids exuded from the nodules on the roots of the legu- 
minous plant. It was also established, however, that neither aspartic acid 
nor glutamic acid could be utilized by barley and wheat (Virtanen and 
Linkola 1946). 

Wood and Hone (1948) found that some a-oximinocarboxylic acids could 
be utilized by intact oat seedlings for protein synthesis. This was valid for 
hydroxylamine, oximinopropionic acid, trans-oximinosuccinic acid, cis- and 
trans-oximinoglutaric acid. The synthesis was small in the two compounds 
first mentioned and was followed by a marked reduction in the dry matter 
production especially in the roots; also in oximinodicarboxylic acids the 
protein synthesis was smaller than in nitrate. 

a. Amino acids. In earlier works (Almestrand 1949 and 1950 a) the follow- 
ing amino acids and amides were tested with negative results, viz., gly- 
cine, cysteine hydrochloride, aspartic acid, glutamic acid, and asparagine. 
Later the influence of methionine and a mixture of amino acids and amides, 
reproduced in Table 28, was investigated. Sanders and Burkholder (1948) 
showed that on Datura embryos mixtures of amino acids had consider- 
ably better growth effect than single amino acids and that a balance 
between the acids thus was necessary. In the present investigation, however, 
the amino acid mixture used had a slight inhibitory effect both on growth 
and ion absorption, and therefore it is probable that the composition was 
not suitable. 

The mechanism for the uptake of amino acids by the roots does not seem 
to have been studied very extensively hitherto. This mechanism is naturally 
an important factor for the influence of these compounds. 

That amino acids are taken up by the roots is evident from investigations, 
e.g., by Fries (1953) on Pisum roots. He found that the growth of these roots 
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Table 28. The composition of the mixture of amino acids. 


ER NER ee De en ee in un ut nn nn u 
Name mg./l. Name mg./l. 

AlanıIne RE Creer eee creuse 1 Lysine re | 1 
PzAlANINe wee ere cet 1 Methionine ................... | 1 
a-amino-n-butyric acid ........ 1 Methionine sulfoxidé =... 
y-aminobutyric acid ........... | 1 Norleucine OO Se annee 
ATOINIDO M RE ER mme es sise 1 Norvalinene ie el 1 
Asparafine, AT serie | 5 Ornithinés Ir nase ae | 1 
Gitrullim ester cas ea | 1 Phenylalanine | 1 
Cysteine hydrochloride ........| 1 Proline. PERF re | 1 
Glvcine re etre tte Ram fe bie ots 5 | Series: =alkekereterefeheheltokene 1 
BIENNE ES Probu above 5 | Taurine ...................... 1 
EliStidine na ren: ca mere 1 INThreonmMmeE ee tat ate errs 1 
Hydroxvprolinems. Te Le 1 | Tryptophane N ne 1 
Isoleueine RM see Gus os sente 1 LL PyTOSIME TT nee ne eeran often 1 

| L'eucine tee tree 1 Valine wa ian siete AN EA ane 1 


was increased by arginine, glycine, and lo some extent by glutamic acid, 
while cysteine, methionine, and especially hydroxyproline were inhibitory 
even in small amounts. It is possible that the effect of the last-mentioned 
compounds was the cause of the results in the experiments carried out by 
the author. 

Roberts and Street (1955) showed that tryptophane was utilized by rye 
roots in continuous cultures, but no results were obtained with the other 
cereals. In this case, however, it probably can be the question of an effect 
of auxin and not of pure nutrition. 

The fact that amino acids on the whole have proved to be more unsuitable 
nitrogen sources than nitrate might possibly be connected with the mecha- 
nism of protein synthesis suggested by some researchers, namely, that pro- 
teins are synthesized from more uncomplicated compounds than amino acids. 

In recent years casein hydrolysate has been the object of intense studies, 
e.g., as to its effect on embryos and isolated roots. In this preparation several 
amino acids and amides are included according to the composition in Trist- 
ram (1953, p. 216). Casein hydrolysate had a positive growth effect on iso- 
lated Pisum roots (Naylor and Rappaport 1950, and Fries 1953). Rijven 
(1952) likewise obtained positive response on Capsella embryos. In trying 
to analyse the results he found that it could be completely substituted by 
glutamine, 

Casein hydrolysate has also been studied by the present author and a 
growth experiment has been described (Almestrand 1950 a). A repeated 
experiment including all species is illustrated in Figure 27. A growth stimula- 
tion was obtained in the barley roots. It varied, but in some cases a daily 
growth of 7 mm. occurred. After 10 days all meristem cells were vacuolated. 
however, and therefore the cell elongation was affected and not the division. 
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Figure 27. The influence of Cas amino 
acids (hydrolyzed casein, vitaminfree, 
Difco) in a concentration of 1 g. per 
litre on the growth of isolated roots. 0 


The oat roots also reacted positively but more weakly. With rye roots and 
especially wheat roots, on the contrary, the influence of this preparation was 
negative. As there are inorganic compounds in the hydrolysate besides the 
organic, in one experiment the action of the ashes was studied (Table 29). 
With barley and oats the stimulating factor seemed to be of organic nature. 
In wheat there was an inhibition both in the normal preparation and in the 
ashes, but it was more marked in the first mentioned. 

b. The effects of casein hydrolysate on metabolism. In a series of experi- 
ments with variation of both time and glucose concentration, the author tried 
to study the effects of casein hydrolysate on the metabolism of the different 
species. Some of the results are given in Table 30. 

Barley: The greatest difference between not supplemented and supple- 
mented media, except in total root length which was doubled in casein hydro- 
lysate, was to be found in the increase in organic nitrogen in the roots. This 
was considerably greater in casein hydrolysate, indicating that the barley 


Table 29. The growth in mm. of isolated cereal roots in Cas amino acids and the ash of 
Cas amino acids. Cultivation time 15 days. 


R : 4 Ash of Cas amino acids! 
Species Control Cas amino acids 1 g./l. ET 
Barley | 21 + 1.8 37 + 2.0 21 + 1.4 
Oats | 18 + 1.2 30 + 1.7 16 + 1.1 
Wheat | 150 + 5.8 100 + 6.1 124 + 8.6 
Rye | 123 + 5.7 103 + 4.4 102 + 4.7 
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roots were able to take up organic nitrogen compounds from the medium. 
Probably these could not be metabolized further, for the leakage commenced 
between 10 and 15 days. The increase in nitrogen in relation to formed dry 
matter naturally also was higher in the roots treated with casein hydrolysate. 

Oats: Here there was also an uptake of organic nitrogen, but small in com- 
parison to barley. A leakage started very soon, and on the whole the addition 
of the preparation had insignificant influence on the strongly disturbed meta- 
bolism of oat roots. 

Wheat: In wheat, the growth of which was inhibited by the supplement of 
casein hydrolysate, greater differences were to be found. The studies included 
two glucose concentrations, viz., 0.05 M and 0.1 M, of which only the first 
is represented in Table 30. After addition of casein hydrolysate growth, in- 
crease in dry matter, and glucose uptake diminished. The economic quotient 
was high in both cases. Thus no changes took place as to the utilization of 
glucose in respiration and polysaccharide formation. In casein hydrolysate- 
deficient media all nitrate was absorbed after 10 days. In spite of this the 
glucose uptake and polysaccharide formation continued, which must be inde- 
pendent processes. In the medium with casein hydrolysate there was a 
marked uptake of organic nitrogen, greatest in the highest concentration. The 
nitrogen increases per dry matter were fairly concordant in both glucose 
concentrations. No leakage of nitrogen compounds seemed to take place 
during the experimental time employed here. Whether the nitrogen com- 
pounds entered into the proteins or remained in the soluble form was not 
investigated. 

Rye: Here the differences between media with and without casein hydro- 
lysate were small. This was reflected both in the increase in dry matter and 
glucose uptake. In the medium with hydrolysate there was also a considerable 
increase in the content of organic nitrogen, and as in wheat no leakage took 
place. 

In summarizing it can be stated that the most strıking effect of casein 
hydrolysate on the metabolism of isolated grass roots was an increase in the 
content of organic nitrogen even in wheat, where a strong growth inhibition 
appeared. Nitrogen could not be utilized in barley and oats as in wheat and 
rye but leakage occurred. 

In order to obtain a preliminary idea of the growth-stimulating and growth- 
inhibiting factors in casein hydrolysate, extractions were performed with 
ether and absolute alcohol. After filtering, the residue was dried and the 
filtrate evaporated. Nutrient media were prepared in such a way that the 
concentrations in the different fractions corresponded to 1 g. casein hydro- 
lysate per litre. 

The following results were obtained. 
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Barley: Equally long roots appeared in the ether extract and in the residue 
from the ether extraction. This fact would indicate two growth factors pre- 
sent, one ether-soluble and one ether-insoluble. With these factors in co- 
operation growth increased, but not so much as if the factors were alone. As 
the microscopic examination showed that all meristem cells had vacuolated, 
these factors must have affected the cell elongation only. 

Oats: No differences appeared. 

Wheat: Growth inhibition appeared in all treatments except the control and 
the media with ether extract. Thus the inhibitors did not seem to be auxins, 
but probably belonged to amino acids. | 

Rye: The roots did not show any specific reactions. 

The studies on metabolism of these extracts did not give any distinct dif- 
ferences warranting a special discussion. 

In order to complete the studies on casein hydrolysate and isolated cereal 
roots, it was investigated whether the roots could utilize the nitrogen com- 
pounds in the preparation as the sole source of nitrogen. According to ana- 
lyses, 20 mg. casein hydrolysate, i.e., the amount in every culture flask of 
20 ml. medium at a concentration of 1 g. per litre, contained 1.44 mg. organic 
nitrogen and 0.06 umol. nitrate against 20 umol. in the standard medium. 

Some results from an experiment are given in Table 31. In the nutrient 
medium potassium nitrate was exchanged for potassium chloride and cal- 
cium nitrate for calcium chloride. A certain growth was found with glucose 
uptake and increase in dry matter. The economic quotient was of the usual 
magnitude. In the three species there was also an increase in organic nitrogen 
accompanied by a leakage in barley and oats but not in wheat. The nitrogen 
increase, however, was much smaller than when nitrate was supplied besides 
in the case of barley and wheat, as is clear from a comparison between 


Table 31. The metabolism of isolated cereal roots cultivated in medium with hydrolyzed 
casein as the only source of nitrogen. Glucose concentration 0.02 M. The values are given 
per 20 roots. 


a 


ye Time in Increase in dry Abs. of Increase in orga- | 
Species = = 
days | matter mg. glucose mg. | nie nitrogen mg. | 3% 
5 | 2.9 5.9 0.040 | 0.49 
Barley 10 5.4 10.3 0.071 0.52 | 
3.9 11.0 0.027 0.35 
5 1.4 2.0 0.043 | 0.70 
Oats 10 11 5.2 — 0.013 0.21 N 
17 0.6 5.6 — 0.065 0.11 | 
| 5 1.4 8.5 0133 | 
: & 13% 0.52 
Wheat 10 5.6 10.8 — | 0.52 
17 9.7 17.5 | 0.128 0.45 
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Table 30 and Table 31. Therefore it seemed probable that the growth stimula- 
tion appearing when nitrate also was given promoted the uptake of organic 
nitrogen compounds from the medium. These were only slightly taken up 
and metabolized when supplied alone. In oat roots no influence of nitrate 
on the uptake of organic nitrogen compounds could be established. 

As the metabolism of wheat roots was not markedly interfered by the 
addition of casein hydrolysate in spite of a considerable reduction in growth, 
the effect of the substance was certainly primarily to be found on growth. 

The pronounced inhibitory effect of casein hydrolysate on root growth of 
wheat might possibly be due to the presence of aspartic acid. Virtanen and 
Linkola (1946) reported namely that this compound inhibited the growth of 
wheat seedlings in sterile cultures when given in addition to nitrate or ammo- 
nium sulphate. a-alanine and glycine could be assimilated by both wheat 
and barley. 

Rijven (1952) reported that autoclaved media with casein hydrolysate 
were less favourable for Capsella embryos, but sterile-filtered media gave 
positive effects. The present author obtained corresponding results with both 
types of sterilization methods, and therefore the toxic effect on wheat roots 
did not seem to depend simply upon decomposition products. 


3. Isolated Wheat Roots and the Nitrate Supply 


a. The effect of the nitrate quantity on the growth. From the time experi- 
ments it was evident that the wheat roots rapidly absorbed and assimilated 
the nitrate available in the nutrient media (0.28 mg. N per 20 ml.). Therefore 
there was reason for suspecting that the growth of wheat roots was impaired 
on account of nitrogen deficiency when the experiments were extended 
over more than 10 days. 

In some experiments the growth of wheat roots in media with a higher 
absolute quantity of nitrate than normally was studied. This was made either 
(i) by increasing the nitrate concentration in 20 ml. nutrient medium by 
doubling the amount of potassium and calcium nitrates (available nitrate- 
nitrogen 0.56 mg.) or (ii) by increasing the amount of the medium from 20 ml. 
to 100 ml., that is the available nitrate-nitrogen was 5 times larger than nor- 
mally (1.40 mg.). The latter experiment has already been touched upon 
(p. 566). 

The results are represented in the Tables 32 and 33. After 10 days the 
growth of the main tips diminished in both cases (the length of the laterals 
was not measured). The increase in dry matter also declined. Thus there was 
an inhibition in the growth of the inoculated meristem, in spite of an appar- 
ently good supply of glucose and nitrogen. 
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Table 32. The growth and N-metabolism of isolated wheat roots cultivated in 20 ml. medium 
with a nitrate concentration twice that of the standard. Glucose concentration 0.02 M. 
The values are given per 20 roots. 


iT 


Increase in org. N 
Time in Root growth | Increase in dry | Increase in org. Tics int dites 
days mm. matter mg. nitrogen mg. per cent 
| 

5 31 5.3 0.14 2.6 
10 75 1251 0.35 2.9 
15 | 93 15.2 0.25 1.6 | 
20 118 14.9 0.21 1.4 
25 142 20.9 0298 1.4 | 
30 147 21.4 0.32 1.5 | 


Table 33. The growth and N-metabolism of isolated wheat roots cultivated in 100 ml. 
standard medium with a glucose concentration of 0.02 M. The values are given per 20 roots. 


Increase in org. N 
Time in Root growth | Increase in dry | Increase in org. Increaserinldrsersaien 
days mm. matter mg. nitrogen mg. | per pole, 
5 90 + 2.8 21.0 0.42 2.1 
10 206 + 7.2 50.2 0.93 1.9 
15 202 + 5.1 72.2 0.87 1.2 
20 225 + 6.9 82.0 0.84 1.0 


1. The glucose supply: No analyses of the glucose consumption were made, 
but from the increase in dry weight it was possible to make approximate cal- 
culations. In experiment (i) 72 mg. glucose were supplied, of which 36 mg. 
were available for dry matter production if the Q. was 0.5. The dry weight, 
however, was increased by only 21.4 mg. In (ii) 180 mg. were available, but 
the dry matter increase was only 82.0 mg. Thus glucose was in excess. In this 
experiment, however, relatively more glucose was available, increasing the 
dry matter production from 8.8 per cent in (i) to 11.4 in (ü). 


2. The nitrogen supply: In experiment (i) 0.56 mg. N was available, but 
the N-increase of the roots was only 0.35 at the most. In case (ii) there 
were 1.4 mg. N and an increase of 0.93. Thus the available nitrogen had not 
been consumed effectively. It could be the question of incomplete nitrate 
uptake and assimilation, but also of a proteolysis and exudation of N-com- 
pounds not being re-assimilated. The analyses of the nitrate uptake, how- 
ever, indicated that more nitrate was available in the media. Thus the inhi- 
bition obtained was connected with factors which did not primarily depend 
upon nutrient deficiency, but must be inhibitors of some kind. The studies 
were not continued, but Street and co-workers have attacked the same 
problem encountered also with tomato roots (cf. the discussion on p. 597). 
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Table 34. The growth and metabolism of isolated wheat roots cultivated in standard 
medium with 0.05 M glucose. To the cultures not harvested after 30 days 20 ml. new 
medium was given. The values refer to 5 roots. 


Tr 


Time Reste! Increase in Increase in org. N | N-free substance 
in growth [fresh weight|dry matter| organic| Increase in dry matter | Total dry matter 
days mm. mg. mg. N mg. per cent per cent | 
|) Wiss axe 57 5.6 0.07 1.2 89 
11 155 & 9.4 88 957 0.10 1.0 91 
16 1229 -— 13.2 188 14.9 0.22 1.5 | 90 
20 |220 + 18.8 165 21.4 0.20 0.9 93 
25 |271 + 21.0 216 29.1 0.21 ri | 95 
30 |258 + 14.0 249 35.9 0.20 0.6 | 96 
40 281 + 20.5 312 51.3 0.32 0.6 96 
52 |346 + 18.3 279 49.9 0.37 0.7 97 
63 |302 + 28.9 370 49.5 0.31 0.6 | 96 


b. Addition of nitrate to the root cultures during the course of the experi- 
ment. An experiment was carried out in 20 ml. medium with a glucose con- 
centration of 0.05 M but only 5 tips in every flask; thus the roots had good 
supply of both glucose and nitrogen. The experiment proceeded 63 days with 
analyses of 5 cultures every fifth day during the first month and every tenth 
day during the second. The root growth is represented in Table 34, illustrat- 
ing a relatively marked variation in the material. The growth rate was high 
in the beginning but declined. Thus the meristem cells were more vital in 
young roots, but with ageing changes took place diminishing the cell multi- 
plication rate. This was shown in microscopic examination of the main tip 
meristems, which after 30 days were rather short and in several cases a 
lateral had outdistanced the main tip. After 40 days from the start, the main 
tips were almost completely lacking meristems. The root lengths in Table 34 
refer to the main tip even if a lateral had grown more. The lateral formation 
was good in all roots and included the whole length of the root. 

In order to study whether the decreasing growth rate possibly could de- 
pend upon any nutritional factor, 20 ml. fresh medium was added to the cul- 
tures not harvested after 30 days. Hereby 0.28 mg. nitrate nitrogen became 
available for new synthesis. 

If fresh weight and dry matter were compared with the growth curve, it 
was obvious that they continued to increase in spite of the abating growth. 
This must mean that there was a development of laterals starting when the 
main tip stopped growing, that is the same phenomenon that is well-known 
from cultures of isolated tomato roots. The growth of the wheat roots seemed 
to be better than that of tomato roots, but also these roots lacked the ability 


of infinite growth. 
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As to the causes of the growth inhibition, it can be mentioned that the pH 
‚aried between 5.1 and 5.8 in the cultures, and therefore the results could not 
be due simply to a pH-effect. 

The inhibition could not be the result of a glucose deficiency, for the con- 
centration in the medium was 0.05 M, i.e., 180 mg. glucose per 20 ml. medium 
of which 90 mg. could be synthesized according to Q, 0.5. The real dry matter 
increase was considerably smaller. 

The provision with new medium did not give any marked stimulation in 
the activity of the main tip, but the laterals continued to grow and utilize the 
added compounds. 

The figures of the N-content of the roots showed that up to 16 days this in- 
creased relatively rapidly and amounted to 0.22 mg. of the 0.28 mg. available. 
Thereafter no increase took place up to 30 days. After the supply of fresh 
medium a new nitrogen synthesis started in the laterals. Also here, however, 
growth was inhibited, for after 63 days the N-value was low. 

If the increase in dry matter was compared with the increase in nitrogen, 
it was found that the dry matter rose linearly to about 40 days while nitrogen 
remained constant after 15 days. Thus dry matter without nitrogen could be 
produced leading to a larger surplus of N-free compounds in aged roots 
than in young. This is illustrated in Table 34. From the nitrogen deter- 
minations the corresponding amount of protein has been calculated by 
multiplication by 6.25 and the ratio between N-free substances and the 
total dry matter was also computed. As the roots grew older the protein 
synthesis was checked to the advantage of N-free compounds. 

If it is assumed that after 63 days all available nitrogen had been taken 
up and assimilated, there must have been 87 per cent N-free substance, that is 
slightly less than found at the first reading after 6 days. In roots freshly 
excised from 2 days old seedlings the ratio was as low as 71 per cent. 

This investigation was completed with simultaneous determinations of the 
respiration, the results of which are represented in Figure 28. The respiration 
was studied on the whole root system. During the first month the oxygen 
absorption decreased absolutely at the same time as the nitrate in the medium 
and the nitrate assimilation diminished. When new medium was added after 
30 days the respiration again increased absolutely together with new nitrate 
assimilation. These stimulations must depend upon the intensification of the 
growth of the laterals due to nitrate addition. Also other substances were 
added, e.g., glucose, but this was certainly available in sufficient amount al- 
ready before the addition. 

If the oxygen uptake was calculated per mg. nitrogen a curve (not repre- 
sented in Figure 28) was obtained which had quite another shape, that is a 
very inlense uptake up to 16 days from the excision, but then it diminished 
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Figure 28. The effect on oxygen consumption and respiratory quo- 

tient of isolated wheat roots by addition of fresh nutrient medium 

to cultures 30 days old. The oxygen uptake is given in ul. per hour 
and 5 roots. 


gradually. Thus the addition of new medium did not increase the gas ex- 
change per mg. nitrogen. This shape of the respiration curve showed that 
the metabolism steadily declined after isolation, even if the roots grew 
rapidly. The respiration quotient, RQ, remained about 1 for the whole period, 
indicating that carbohydrate was the respiration material and the respira- 
tion normal. 

In summarizing it can be established that the isolated wheat roots could 
not grow infinitely under the cultivation conditions employed here, but an 
inhibition of the meristem activity was noticeable after 20 to 30 days. This 
growth reaction was not effected either by carbohydrate deficiency or by 
nitrate deficiency. A supplement of fresh medium after 30 days resulted in 
new nitrogen assimilation in the laterals preferably, but the growth of these 
also seemed to decrease after 50 to 60 days from the start of the cultures. 

The above-mentioned facts indicate that the activity of the wheat root 
meristem was regulated by inner hormonal factors as has also been reported 
for other isolated roots, e.g., tomato (Street and Roberts 1952). The main 
axis meristem of these roots functioned also for a limited time, while the 
more recently initiated lateral roots were growing rapidly. Later Street et al. 
(1953) and Street and McGonagle (1953) found that also such external factors 
as sucrose concentration and light conditions affected the main axis growth. 
Street (1954) advanced the hypothesis that the growth cessation was due to 
accumulation at the apex of some natural growth hormone in supra-optimal 
concentration. The applicability of such a hypothesis has not been studied on 
excised wheat roots. 

A result of the rapid inhibition of the meristem activity of the main tip has 
been that in investigations on isolated roots a selection in the material has 
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very often taken place. Thus clones of roots from rapid-growing species have 
been preferred. Moreover clones of roots with relatively active meristems 
have been chosen (cf. Roberts and Street 1955) or subcultivations have been 
made with laterals roots. The real growth of the original main tip has con- 
sequently more seldom been studied. 


VIII. Respiration 


The respiration of excised root tips of cereals has been and is still the 
object of great interest in connexion with studies on the ion absorption. 
Freshly excised roots have generally been used. On the other hand, there are 
relatively few studies on the respiration of excised roots of cereals cultivated 
for longer time under sterile conditions (Kandler 1950 a and 1950 b, Kandler 
and Vieregg 1953). With isolated tomato roots some studies have been per- 
formed by Rabideau and Whaley (1950) on the effects of vitamins on growth 
and respiration. A stimulation was obtained by addition of pyridoxine and 
niacin or both to thiamin-containing medium. It was, however, also found 
that the respiration intensity diminished with the age of the roots, but the 
authors could not say whether it depended upon accumulation of substances 
toxic to the growth or metabolism, or consumption of supply of essential 
growth substances, etc. Kandler (1950 a) established for isolated maize roots 
that also the respiratory intensity of these roots diminished, as calculated 
on both dry weight and nitrogen. When the laterals developed, however, 
a new stimulation appeared. Thus it is possible by comparing growth and 
respiration to obtain information of changes in the metabolism. 

The aim of the respiration investigation performed here was to complete 
the metabolism studies, whether the growth decrease in barley and oats was 
coupled with changes in the respiration, to study the interrelationship be- 
tween these factors, and also to get an idea of the influence on the respiration 
of such factors as glucose and vitamins. 


Methods. The roots used in the respiration experiments were cultivated in the 
normal way in Erlenmeyer flasks with only 10 roots in every culture. Ten roots 
were a suitable number for giving convenient oxygen consumption. In the deter- 
minations the common Warburg technique was used with determination of the 
oxygen consumption at a temperature of 25°C. Two ml. nutrient solution (standard 
medium) were used in each Warburg vessel, together with 0.3 ml. 10 per cent KOH 
in the side arm. Sometimes the compound under investigation was given in the 
side arm and the KOH was placed in the central cylinder of the vessel. In these 
cases the normal respiration was first determined and then the respiration after 
addition of the compound. In most of the experiments, however, the respiration 
between different cultures variously supplemented was measured. Readings on the 
manometers were performed every 15 minutes for 3 hours in generel and the number 
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of parallels varied between 2 and 4. The nutrient medium was sterile when filled 
into the vessels and also the roots before the transfer from the culture to the War- 
burg vessel. The experiments were generally completed after 4 hours from the start, 
and therefore it can be assumed that no growth of bacteria took place affecting the 
size of the gas exchange. In no case was there any visible contamination. No long 
time experiments with sterile conditions were performed (cf. Kandler 1950 a). 

In respiration studies of this type including comparisons of the oxygen consump- 
tion of roots of different age, it can be difficult to find an appropriate basis for 
the comparison. Numerical comparison could on the whole be obtained only within 
limited series and with a unit chosen for a defined purpose. It is difficult to com- 
pare directly the respiration of one tissue with another. 

The oxygen consumption-can be computed on the following bases. 

1. The whole root: The experiments were begun with root tips of 10 mm. length, 
and therefore the material was rather homogeneous at the start. Later differences 
appeared due to varying growth. Naturally it can be difficult to compare whole roots 
with a pronounced respiratory gradient (cf. Machlis 1944 b). 

2. Per mg. fresh weight per hour: The determinations of fresh weights are simple 
to perform and such comparison could be valuable on homogeneous material. 

3. Per mg. dry matter per hour: This method could hardly be suitable in the 
present investigation, as the dry matter increase took place with varying rapidity 
in the different species as already described (p. 561). Likewise the ratio between 
carbohydrates and protein was changed during the development. 

4. Per mg. nitrogen per hour: Only the protein content can serve as a satisfactory 
basis, but also total organic nitrogen is very applicable in the beginning of the 
experiments, as in young organs the organic nitrogen runs parallel with the content 
of active proteins and is proportional to the enzymic activity. As the roots grow 
older several errors certainly appear, as it has been established by other investigators 
(cf. Kandler 1950 a) that amides and other metabolites, not so active in the respira- 
tion as the proteins, are accumulated. These compounds, however, are included in 
the analyses of organic nitrogen and cause the numerical value of the respiration 
per mg. protein nitrogen to become smaller than it really is. Naturally the best 
method is direct analysis of the proteins, but this has not been used in the present 
study, principally due to the very small amounts of material available. 

In the report below different units have been used in different experiments. 

In some experiments the respiratory quotient RQ was also determined according 
to the “direct method” described by Umbreit et al. (1949). 


1. The Change in Respiration by Ageing of the Root 


In this study determinations of the gas exchange were performed at inter- 
vals of 3 days between the first and fifteenth day after the excision. No 
determinations were performed immediately after cutting in order to avoid 
eventual wound effects. Machlis (1944 a), however, carried out some experi- 
ments on this phenomenon with barley and found neither stimulation nor 
retardation, and thus the risk seemed to be minimal for such disturbances. 
Also Betz (1955) found no wound effect in the respiration studies on roots. 

Physiol. Plant., 10, 1957 


600 ARTUR ALMESTRAND 


__.. GROWTH 
___ 09 CONSUMPTION 


DAYS 


Figure 29. The time course in growth in mm. and oxygen con- 
sumption in wl. per hour and 10 roots of isolated cereal roots. 
Glucose concentration 0.02 M. 


Figure 29 represents a growth experiment in 0.02 M glucose, showing both 
the growth of the main tip (dotted lines) and the oxygen consumption per 
hour for 10 roots. As usual there were growth differences between barley 
and oats on the one side and wheat and rye on the other. The oxygen uptake 
of barley remained on a relatively constant level during the whole course of the 
experiment, while the uptake of oats decreased markedly between the third and 
sixth day. This agreed well with the growth progress. The cell elongation was 
largely completed, as earlier discussed, at this time, even if not all meristem 
cells had elongated. In barley, on the contrary, the cell elongation continued 
until all meristem cells had vacuolated and the roots had developed their 
typical tapering appearance. Between the third and sixth day apparently a 
pronounced change in the metabolism of oats took place. In wheat and rye, on 
the other hand, an increase in the oxygen uptake followed the growth. The 
increase was most marked with rye. In wheat it slightly abated after 9 days, 
which could be connected with the fact that most of the nitrate had been 
used up at this time. 

The dry matter includes both protoplasm with proteins and cell walls 
with polysaccharides. Naturally there are also minerals and soluble sugars. 
In this growth experiment the amount of organic nitrogen was not analyzed, 
and therefore a comparison of the oxygen uptake in relation to fresh weight 
was made instead, with the following results illustrated in Figure 30. On the 
first day after the excision the respiration intensity was higher in barley and 
oats than in wheat and rye, but oats showed a very rapid decrease up to 
6 days, whereafter the gas exchange was very low. The barley roots exhibited 
a rapid decrease up to the third day, while wheat and rye diminished between 
the third and the sixth day. Then there was a very slow decrease in all three 
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Figure 30. The time course in 
respiration of isolated cereal 
roots given as oxygen con- 
sumption wl. per mg. fresh 
weight and hour. Glucose 
concentration 0.02 M. 
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species, but the intensity in barley was somewhat higher than in wheat and 
rye. The experiment showed that the oat roots differed very strikingly from 
the remaining species. After 6 days the metabolism in oats was apparently 
completely disturbed, while it was more or less unchanged in the remaining 
species. This indicated that the gas exchange was large in barley also during 
the cell elongation. It appeared as if the respiration intensity was slightly 
reduced also in wheat and rye with real growth. The explanation might be 
due partly to the computation method. In this connexion it cari be mentioned 
that the oxygen consumption of subcultured rye roots was very great. The 
roots investigated had grown for 4 weeks after the latest subculture, which 
was the fifth after the excision from the seedling. The respiration amounted 
to 4.6 ul./mg. and hour. These roots had good growth, were very branched, i.e., 
they had many meristems. Further a selection had taken place during the 
subcultivation, for slowly growing roots had been discarded and only those 
most vital remained. This fact naturally contributed to the high value. 

From the experiment discussed here the following results were obtained. 
The intensity of the respiration varied with the species. The oat roots had 
the lowest respiration with a marked decrease between 3 and 6 days from 
the start, in which period the growth probably completely stopped. Barley 
had a rather uniform but low respiration during the experimental period. 
Wheat and rye had a total respiration increasing with root length. If the 
respiration was computed per mg. fresh weight it was fairly equal in barley, 
wheat and rye. 


2. The Interrelationship between Respiration and Glucose Supply 


On p. 554 it was reported that if the glucose concentration in the medium 
was increased the growth of wheat and rye roots were affected positively 
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Figure 31. The oxygen consumption given in w./mg. N and hour 
of isolated cereal roots cultivated for 12 days in media of dif- 
ferent concentration of glucose. 


but barley and oats were unaffected. As the content of unassimilated glucose 
in the roots only increased insignificantly, the absorbed sugar must be used 
partly for polysaccharides and partly for the respiration. From previous 
experiments it was shown that fresh and dry weight increased with the 
glucose concentration. 

In one experiment represented in Figure 31 the respiration was measured 
after a cultivation time of 12 days. The determinations were performed with 
fresh medium in the Warburg vessels. 

The curves of the oxygen uptake had about the same shape whether they 
represented the total uptake per 10 roots or were calculated per mg. N. The 
respiration of barley and oats seemed to be relatively independent of the 
glucose concentration, while wheat and rye showed a completely different 
type of oxygen uptake, coinciding well with the curves for glucose uptake 
and for growth. Thus a stimulation of the metabolism took place when the 
glucose in the medium increased. 

The respiration in varied glucose concenirations has also been studied in a 
time experiment with three different glucose concentrations, viz., 0.005, 0.02, 
and 0.1 M. Unfortunately the times for the readings were not identical for the 
different species but as follows. Barley: 3, 6, and 10, oats: 3, 6, 9, and 13, 
wheat: 6 and 9 and, finally, rye: 3 and 17 days. In Figure 32 the oxygen 
uptake is given in relation to mg. N per hour. 
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Figure 32. The time course of 
Oxygen consumption given in 
ul./mg. N and hour of isolated 
cereal roots cultivated in media 
with varied glucose concentra- 
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The oxygen uptake of barley increased insignificantly with the glucose 
concentration and seemed to be stimulated between 3 and 6 days, but declined 
again between 6 and 10 days. Thus there seemed to be a certain change in 
the metabolism at this time. This reaction agreed with the facts obtained as 
to nitrogen assimilation and apparently marked the beginning of the dying 
of the roots. In oats the intensity after 3 days seemed to lie above that of 
barley but then decreased strongly. Thus the roots had inhibited metabolism 
already from the excision. This agreed well with the curves from the pre- 
ceding experiments, where the oxygen uptake was measured after 12 days 
and lay below that of barley. The wheat roots had an uptake which seemed 
to decrease with time in 0.005 M glucose but increased in 0.1 M. The dif- 
ferences were not great, but this could depend upon the small difference in 
time. Burström (1941 b) found that in high glucose concentration (0.1 M) 
the Q. diminished, indicating enormously increased respiration. The rye 
roots gave the same picture as wheat. The increase in uptake was important, 
but the time between the two readings was as long as 14 days. 

In summarizing the following could be established. 

1. The increase in glucose did not seem to cause any marked changes in 
the respiration of barley and oats, possibly an insignificant increase. 

2. In wheat and rye a marked increase was connected with the increased 
glucose concentration. 

3. Rye had the largest respiration per mg. N, which agreed with other 
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Figure 33. The influence of 
culture time on the respira- 
tion quotient (RQ) of isolated 
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experiments, and this was probably due to the great number of laterals 
occurring in root cultures of this species, at least in the author’s experiment. 

4. If the respiration was given per mg. dry matter, the intensity of rye and 
wheat diminished with time and increased glucose concentration, indicating 
that polysaccharides were produced to a large extent in these species. 


3. Determinations of the Respiratory Quotient 


In order to obtain information of the possible disturbances in the meta- 
bolism when the growth of the excised roots stopped and to differentiate 
between cause and effect in growth and metabolism, some determinations 
of the respiratory quotient were performed in experiments with variation of 
the glucose concentration, one of which is shown in Figure 33. 

The RQ values of wheat and rye roots lay in the vicinity of 1.0 (Figure 33). 
This was established with wheat in long-time experiments for 37 and 63 
days, of which the latter is presented in Figure 28. The variation in the 
glucose concentration between 0.005 and 0.1 M did not seem to have any 
greater eifect on the RQ. It was apparent for these two species that glucose 
was taken up in sufficient quantities and consumed in respiration. 

As regards barley and oats the results were somewhat diffuse. Oats: In a 
concentration of 0.005 M glucose the RQ decreased already after 5 days and 
after 21 days from the start it only amounted to 0.5. In the concentration of 
0.02 M in one experiment the RQ diminished to 0.7 between 7 and 10 days, 
but in another it amounted to about 1.0 after 21 days. In 0.1 M glucose the 
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RQ was 0.8—0.9 after 21 days. Barley: This species was only studied in one 
experiment and a decrease to 0.8 appeared between 3 and 6 days. In some 
cultures, however, values of 0.9 were found after 12 days. Thus there seemed 
to be a rather great variation between cultures in different experiments, 
but the cause is still obscure. 

As to barley and oats the following statements can be made. Apparently 
in low glucose concentrations the RQ values were small. This would indicate 
that glucose did not reach the cells in sufficient amounts, even if the total 
quantity in the medium was sufficient. By a comparison with the values in 
higher glucose concentrations the results suggested that the glucose uptake of 
excised roots of oats and perhaps also of barley was a diffusion process and 
not active as in wheat and rye. The respiration thus seemed to be limited 
due to inadequate supply of glucose. 

From the results it was further clear that the growth rate of barley and 
oats diminished before the RQ decreased. Thus the inhibition of the cell 
divisions could not be due to a utilization of other substances than carbo- 
hydrates in the respiration. Naturally the roots died with time and then the 
RQ dropped markedly. 


4. The Effects of Growth-Regulating Compounds on Respiration 


Previously investigations on the effects of ATP, oestrone, and boric acid 
on the respiration have been discussed. All compounds were found to be 
rather ineffective. In the following the influence of some other factors will 
be discussed, viz., pyridoxine, different combinations of thiamin, pyridoxine 
and niacin, Cas amino acids, yeast extract, and coconut milk. 

On the whole it seemed to be rather difficult to affect the respiration by 
these substances, when not given in toxic amounts resulting in a breakdown 
of the metabolism. 

Coconut milk. In the respiration experiment the substance inhibited the 
growth of wheat and rye. The inhibition effect on respiration seemed to be 
most pronounced if the oxygen uptake was given per nitrogen, but smaller 
when given per fresh weight. In 10 per cent coconut milk the inhibition 
was strong also in regard to fresh weight, and in this concentration the whole 
metabolism seemed to be disturbed. It was also very clear that the changes 
appeared first after a certain time for oat roots were investigated after both 
5 and 10 days, but on the first occasion the inhibition was very small. 

Kandler (1955) found that the coconut milk factor not only activated and 
accelerated growth as such but also improved the utilization of energy by 
the processes of breakdown and synthesis. 

Vitamins. As to the effects of vitamin B, and varied combinations of B,, 
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Figure 34. The influence of casein 
hydrolysate on the oxygen consump- 
tion of isolated cereal roots, given in 


0 5 10 15 DAYS ul./10 roots and 3 hours. 


B,, and niacin studied in repeated experiments, the differences in respiration 
between different cultures were very small. There was probably an in- 
crease in wheat roots by synergism of two or three vitamins in combination, 
but with the other species no influence could be found. As to the effect of 
thiamin and niacin on respiration of roots Wightman and Brown (1953) and 
Betz (1955) were of the opinion that these compounds did not directly 
regulate the meristem cell division in their investigations, but this was 
regulated by substances produced in elongated cells. Therefore the vitamins 
were without influence on the gas exchange in short-time experiments. If this 
explanation holds true for the material in the present investigation cannot 
be decided. 

Yeast extract. The effects of both Difco and Cenovis yeast extracts were 
studied. The respiration of barley roots was slightly increased, when com- 
puted per fresh weight and nitrogen. The gas exchange of wheat and rye 
increased, when computed per fresh weight but decreased, when computed 
per nitrogen. This meant that the fresh weight decreased and the nitrogen 
increased. The root lengths were not markedly influenced. 

Casein hydrolysate. This preparation in a concentration of 1 g. per litre 
diminished the growth of wheat and rye, but slightly stimulated barley and 
oats. The total respiration (Figure 34) also decreased markedly both in 
wheat and rye, but most strongly in the first mentioned. This results was in 
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good agreement with the growth curves. The content of organic nitrogen 
was not determined in this experiment, but as it was higher in casein hydro- 
lysate (see Table 30), the respiratory intensity per nitrogen must decrease. 
The decrease in total respiration was probably due to inhibited growth and 
not to low intensity, for if oxygen uptake was given per mg. fresh weight, it 
seemed to be higher in hydrolysate. Thus the respiration seemed to be rela- 
tively unaffected in spite of large differences in growth. This was in agree- 
ment with the results by Eliasson (1955) as to elongation stimulating and 
elongation inhibiting compounds. 


5. Discussion 


All species showed a certain decrease in respiration with time, but the 
reduction was more pronounced in barley and oats. 

A respiratory drift is found in all tissues, the course of which includes 
both the utilization of the substratum and changes in the status of the proto- 
plasm. The stability of the protoplasm seems to be the key to the length of 
the drift. From the results found here wheat and rye have stable proteins, 
while barley and oats have less stable ones. The carbohydrates are regarded 
to stabilize and preserve the proteins. Tissues with high respiration rate are 
in general rich in proteins, which is typical for seedlings. 

The decrease in respiration in wheat and rye seemed to be rather normal 
and agreed rather well with what has been found in tomato and maize roots 
(Rabideau and Whaley 1950, and Kandler 1950 a). Tomato roots do not have 
infinite growth in a strict sense, but the growth declines in time. This is in 
agreement with the respiration. According to Kandler (l.c.) a certain recover 
appeared in maize roots when the lateral root formation took place. In all 
species mentioned above the glucose uptake was probably sufficient, and 
therefore it apparently cannot be the question of a lack of respiration 
material. The uptake did not seem to diminish in wheat and rye. It is also 
probable that the metabolism was sidetracked, on account of the fact that the 
increase in nitrogen in the cells was too small in comparison to the increase 
in carbohydrate. 

Barley and oats had a rapid decrease in total respiration and this was 
especially marked in oats. The greater respiration of barley can be connected 
with the more active cell elongation. In oats it often happened, especially 
when there were 10 or 20 roots in one culture, that the roots died before all 
meristem cells had elongated. 

The differences in respiration between barley and oats on the one side 
and of wheat and rye on the other must be due to a more rapid decomposi- 
tion of proteins in the first-mentioned species (cf. Figure 22), caused 
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Table 35. The oxygen uptake in ul Os per 3 hours and 10 tips of 10 mm. length excised from 
isolated roots of different age. 


Time in | 
| R 
days Barley Oats Wheat | ye 
4 3.7 2 BZ 3.6 | 
10 2.8 2.9 1.9 1.4 | 
14 2.6 2.2 1.6 1.0 | 
17 _ _ 1.51 WE = 


by an incomplete nitrogen metabolism. The stability of the proteins must 
be regulated by a dynamic equilibrium between synthesis and decomposition. 
As many authors hold the view that most of the proteins are constituents 
of the enzymes, a destruction of the proteins must results in a diminished 
respiration rate. This must be what happens in barley and oats. 

The diminished respiratory rate in wheat and rye is certainly due mainly 
to the dilution of living protoplasm which takes place in root growth when 
the cells are vacuolated. But also the intensity in the meristems showed a 
marked decrease (Table 35), which must be caused by changes in the activity 
of protoplasm. 

The sugar supply also seemed to play a certain role in the respiration. 
Thus the gas exchange increased with increased glucose concentration in the 
medium, but the influence was only of short duration and did not change 
the general course of the curves. 

Brown and Sutcliffe (1950) found on root segments of Zea and Cucurbita 
an obvious sugar effect on respiration. In a 5 per cent solution there was a 
steady increase, while in a 2 per cent it only increased for 36 hours, and 
then began to diminish. In a 0.25 per cent it decreased already after 12 hours. 
The decrease in 2 per cent can hardly be due to sugar deficiency in the 
medium, but this was the case in 0.25 per cent after 12 hours, where the 
absorption had declined. 

As the supply of carbohydrates influences the respiration, the sugar absorp- 
tion must be involved in this discussion. According to Brown and Sutcliffe 
(1950) the sugar is taken up against the concentration gradient, and there- 
fore a transport mechanism must be involved. Low oxygen content dimi- 
nished the sugar uptake and respiration, and these facts thus suppose that 
the sugar uptake is coupled to a transport mechanism including consump- 
tion of respiratory energy. The low sugar uptake by barley and oats cannot 
be due simply to oxygen deficiency, as aeration did not improve the uptake 
(cf. p. 531) but must depend upon other factors. According to the results 
with intact oat seedlings there was evidence that the glucose uptake was a 
passive process and affected by the transpiration stream. 
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In the barley roots the determinations of the economic quotient discussed 
on p. 555 indicated a rather normal distribution of the glucose absorbed 
between respiration and substance production. In oats, on the other hand. 
apparently most of the glucose was respired, in spite of the fact that this 
process was low in comparison to the other species. As previously mentioned 
no determinations of the total gas exchange during the whole culture period 
were performed. From the figures for the oxygen consumption in the time 
experiments it is, however, possible to calculate the approximate values of 
the glucose amount consumed in respiration. Unfortunately the glucose 
uptake and the respiration were not determined in the same experiments, and 
therefore the figures must be taken from different experiments. From these 
calculations it was clear that in isolated oat roots all glucose absorbed was 
consumed by respiration, while in isolated barley roots only about 75 per 
cent as is the case in wheat. The values refer to a culture period of 12 to 15 
days. The dry matter increase in isolated oat roots was very low in the time 
experiments (up to 1 mg. per 20 roots). This shows that there was apparently 
no decomposition of cellulose of that type Brown and Sutcliffe (1950) found 
in starving roots. Under such conditions cellulose was hydrolyzed, but when 
sugar was added again there was a rapid re-synthesis. 


IX. Summary 


In the preceding various factors in the metabolism of isolated roots of the 
four cereals barley, oats, wheat, and rye have been investigated and dis- 
cussed. From the results the following facts were established. 

1. The roots reacted in different manners to the isolation procedure. Roots 
of barley and oats exhibited insignificant growth due to cell elongation 
merely because the meristem cells lost their capacity of cell division. The 
isolated wheat roots had a rapid, normal growth for a limited time. Then the 
activity of the main tip was overtaken by the laterals. It was not possible to 
subcultivate the rapidly growing isolated wheat roots. The isolated rye roots, 
on the contrary, have been cultivated continuously by subcultivation of both 
the main tip and laterals. It has not been possible to influence the growth 
of barley and oat roots in positive direction by any known growth-regulating 
factor. 

2. From the studies on metabolism, surveyed in Table 36, it was evident 
that the cause of the inability of growth were not the same in all species. 

3. Rye. These roots were subcultivated by excision of both main tips and 
laterals for such along time that it can be stated that they had infinite growth 
if the following culture media were used: Burstrôm s medium (Burström 
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1941 a) as basic medium supplied either with Difco or Cenovis yeast extract 
and with glucose as the carbon source. A continuous growth must be based 
upon a normal metabolism, which was also found in these roots both in 
regard to carbohydrate and nitrogen metabolism. 

4. Wheat. These roots had a high vitality after excision with rapid growth 


and effective metabolism. The carbohydrate utilization was economic with 


a high production of dry matter and rapid assimilation of nitrate. For the 
growth of these roots pyridoxine or its homologues usually had a pronounced 
effect. The pyridoxine supply, however, was not sufficient for continuous 
growth. Thus the main tip could not grow infinitely even if all nutrition 
factors were satisfactory, but laterals were initiated and outdistanced the 
main root. Such a correlation suggested disturbances in the internal hor- 
monal balance of the roots, which apparently was difficult to influence by 
external measures. The phenomenon was similar to that found in the sub- 
cultivation of isolated tomato roots as regards both the ordinary method of 
using laterals in the new subcultures and the selection of growth-capable 
clones from incapable ones. 

5. Oats. In oat roots the metabolism was disturbed. Thus the carbohydrate 
metabolism was so disorganized that all sugar was consumed in respiration 
and none used for dry matter synthesis. Nitrate was taken up but not reduced. 
Thus the nitrate assimilation was disturbed or (and) also the protein syn- 
thesis, as some days after excision proteolysis began and amino acids were 
exuded. Amino acids could be taken up by the roots in the period immediately 
after isolation, but apparently they could not be assimilated. It seemed prob- 
able that in isolated oat roots there was a disturbed balance between protein 
synthesis and proteolysis. For carrying out the protein synthesis some factor 
or factors were lacking, which normally were delivered from the endosperm. 

6. Barley. The roots had normal carbohydrate metabolism with a glucose 
uptake of the same magnitude as rye roots, good nitrate uptake, and nitrate 
reduction. In spite of this the roots were incapable of growing. Proteolysis, 
followed by an exudation of nitrogen compounds, commenced 10 days after 
excision. À protein synthesis must have taken place during the first days of 
cultivation, but then for some reason proteolysis predominated. As the glucose 
uptake was as high as in rye root cultures, it seemed unlikely that the protein 
decomposition was due to carbohydrate deficiency. 

As is clear from the above it has not been possible to determine exactly 
but only approximately which stages in metabolism were defective. This was 
especially difficult in barley roots. Here the glucose uptake and glucose 
metabolism were of the same magnitude as in rye, and the respiration con- 
tinued at a high level. In oat roots, however, the respiration decreased to 
a very low level between the third and the sixth day and then remained at 
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this level together with a very low glucose uptake. As no cell divisions in 
barley roots took place, the respiration energy must have been consumed 
for cell elongation, which was more active in barley than in oats. The most 
probable cause of the growth inhibition in barley roots is that the protein 
synthesis broke down. Thus Willis (1951) showed that when excised barley 
roots, starved on nitrogen and placed in a solution with nitrite, nitrate, or 
ammonium salts, the main assimilation product was glutamine and only little 
asparagine and a-amino acids. There was only a slight increase in the protein 
content and after 20 hours proteolysis appeared. This indicated a disturbance 
in the protein synthesis from glutamine. In the roots cultured here only total 
organic nitrogen was determined. It is possible that protein never was syn- 
thesized, only amides and amino acids, which were then exuded. Perhaps 
some factor was lacking, e.g., amino acids, only synthesized in the endo- 
sperm or in the leaves (cf. the well-known examples in Neurospora mutants). 

It is not probable that the growth inability was primarily due to defects 
in the carbohydrate metabolism for all species cultivated here could respire 
glucose and hexose phosphates. The glucose uptake ceased at the same time 
as the root stopped elongating. It is interesting to find that the carbohydrate 
metabolism is independent of nitrogen metabolism in wheat roots, where the 
dry matter production continued in spite of the fact that the nitrate in the 
medium was exhausted. 

In oats there was a nitrogen reduction in intact plants in darkness with an 
increase in organic nitrogen in the leaves. These results indicated that either 
the nitrate was transported to the leaves and reduced there, or some factor 
indispensable for the reduction was transported to the roots (or both). In 
this case the products formed were conducted to the leaves. If the reduction 
mechanism only was to be found in the leaves, then isolated roots naturally 
were unable to utilize nitrate. Such an assumption, however, is hardly likely, 
as the roots of the other species had the capability of reducing nitrate. It is 
more likely that some compound from the endosperm or the leaves was 
necessary for the process. It has not been possible to isolate this by making 
endosperm extracts, apparently due to inhibitors or destruction. This hypo- 
thetical factor, however, was not identical with pyridoxine or its homologues, 
which have transaminase functions. 

The current theories on protein metabolism (cf. Weissman 1951) do not 
treat the problem of why nitrate cannot be reduced, but another feature, 
namely, the increase of the oxidative breakdown of carbohydrates by nitrate. 
The energy released here was used for incorporating amino acids in the 
proteins, thus maintaining a high protein level. 

The barley roots had nitrate reduction and effective carbohydrate meta- 
bolism, but in spite of this Ihe cell divisions stopped. This seems to depend 
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upon disturbances in the protein synthesis. On the other hand, Bullough 
(1952) vindicated that mitoses could go on if only energy was supplied by 
the respiration without a corresponding increase in protoplasm. This hypo- 
thesis based upon experiences from animal tissue cultures is not confirmed 
by the observations made in this investigation. 
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In the author’s previous paper the possible role of pheno! oxidase and 
peroxidase in lignin biosynthesis from coniferyl alcohol has been suggested. 
In the present paper, the results of the examination on the formation of 
lignin from some phenylpropanes in the course of incubation experiments 
with embryonic root tips of kidney bean and bamboo-shoot tissues are 
reported. 


Experimental 


The experiments were made following the method of Siegel (1953). After 
thorough washing with water and subsequent extractions by ether and ben- 
zene for 8 hrs., the lignin formation in incubated tissues was inspected by 
phloroglucinol-HCl, Maule and Cl,-Na,SO; reactions and alkaline nitro- 
benzene oxidation. 


1. Experiments with embryonic root tips of kidney bean 


Seeds of kidney bean were soaked in tap water under dark conditions for 24 hrs. 
at 27°C, and after sterilization with dilute Uspulun solution (6 per cent phenyl mer- 
cury chloride, dichlor dimercury benzene and mesoxyethylene mercury chloride; 
Hg 2.5 per cent) for 5 hrs., they were sown in sea sand saturated with water in a 
china vat in the dark at 27°C. The embryonic root tips were collected from the 
4 day-old seedlings (the length of the root at the time of cutting was 1.5 to 2 cm.) 
and 8 day-old seedlings (the phloroglucinol-HCI reaction was already positive in 
the vessels), respectively. These root tips were added into a 0.05 M phosphate buffer 
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Table 1. Lignin formation with embryonic root tips of kidney bean. 


8-Oxy- | Diethyldithio- 1M 
Substrates Cont. | KCN | NaN, Era carbamate CH,ICOOH/HgCl, Urethane 
EO eee ee eee eee ee EEE 
Coniferyl alcohol | +++ ++ ++ ++ um RE PE at 
Eugenol ........ ee | Fie Mas Se are Fee ee rar 
Isoeugenol ..... rar ar rés) rss ne CE re SoSe 
Synap acid ....... ++ |+ =F 2e PSE eb zig nee | 
Synap alcohol ..|++ |+ ap Ar nee rss + Ares 
After 20 hrs. of incubation, the lignin formation was determined by phloroglucinol-HCI 


Clo-NasSO3 and Maule reactions. 
The concentration of the inhibitors is 1/1000 M except “hat of urethane. 


(pH 4.5), and the rate of lignin formation at 27°C was examined by color reactions 
after addition of respective phenylpropanes and 0.004 M H,O,. Furthermore, in 
order to confirm the properties of the enzymes which were responsible for lignin 
formation, the effects of some inhibitors on the lignin formation were investigated. 


As shown in Table 1, in the root tips incubated with one of the guaiacyl- 
propanes, the phloroglucinol-HCl and Cl,-Na,SO, reactions were positive over 
a wide area in the vascular bundles, whereas in the root tips incubated with- 
out guaiacylpropanes, weak color reactions attributable to traces of endo- 
geneous lignin were found in the vessels. Furthermore, the formation of the 
products exhibiting the color reactions was more rapid in the presence of 
H,0, than with the phenylpropanes alone, and among phenylpropanes, coni- 
feryl alcohol gave rise to the most rapid formation of lignin-like product. 
These facts may be in agreement with Siegel’s view that peroxidase is 
responsible for lignin biosynthesis. However, the color produced by these 
color reactions varied to some extent in the respective substrates. Therefore, 
on the basis of color reactions alone, it is not clear whether or not the sub- 
Stance inspected by that reaction is the same as natural lignin. In the root 
tips incubated with synap alcohol and synap acid, a red coloration was given 
by Cl,-Na,SO, and Maule reactions, and thus the formation of the lignin 
possessing the syringyl nucleus was suggested. 

In the inhibition experiments, all inhibitors which are generally known to 
inhibit the enzymes containing heavy metals exhibited the inhibitory effect 
on the formation of lignin-like products to some extent. 


2. Experiments with bamboo-shoot tissues. 


Groups of 10 sections, 0.2 to 0.3 mm. in thickness, were made by means of a 
handmicrotome by cutting the bamboo-shoot at the point of 40 cm., 60 cm. and 
110 cm., respectively, from the top, and each group of sections was incubated as 
stated above. 
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Table 2. Lignin formation with tissues of bamboo-shoots. 


b | 
[|] rl EL 
de = © 1 
Substrates Cont. |KCN|NaN, a Be 5 = = HS} NO 5 
= = ae Fa v 
S2j32:| 2/2 [sr = 5 
els (SI S| el ere ae 
Coniferyl alcohol ..... So Cote despariae LS (AF =F aan sel se sehr 
Dihydro coniferyl alcohol . ....+ Ze ee EE a Se ke | ae Nas ee dE 
Busen ch a ace ie ee et 
Isgeugeno Omen san +++++ + HE ++ HARA) EEA EHH 
p-Hydroxyphenylpropionic acid + ar se le Se HE [Be Se, sejae se 
p-Hydroxycinnamic acid ...... + + iets Ie NE tS | Se ee Se le 
Phenylpropyl alcohol ......... + + | + | + ae BE ae | se de, |se 
DyHapLacidie en dieu een hear Serie ela sense ee ar NAME 
Synap,alcohol................. bare | el le 


After 22 hrs. of incubation, the lignin formation was determined by phloroglucinol-HCl, 
Cle-NazSO3 and Maule reactions. 

The concentration of the inhibitors is 1/1000 M except that of urethane and NH:OH; 
HeS and NO gases were saturated in usual Thunberg tubes. 


When the relation between the time required for the conversion of phenyl- 
propanes into lignin-like products and the biological activities of tissues of 
the bamboo-shoot were examined, formation of lignin-like substances was 
generally more rapid in the tissues of more aged portions. This fact should 
have some relation to the fact that activities of phenol oxidase and peroxidase 
in the basal portion of bamboo-shoots are more intense than those in the 
upper and middle portions. 

In the inhibition experiments, 0.002 M NH,OH, HS, and the inhibitors 
which had been used for kidney bean were used, and in all cases, the forma- 
tion of a lignin-like product was inhibited to some extent in comparison to 
the control. These experimental results indicate that the peroxidase play a 
possible role in lignin synthesis from the phenylpropanes, as proposed by 
Siegel. (Table 2). 

In order to confirm whether the product which gives the positive color reaction 
is lignin or not, 5 g. (fresh weight) of bamboo-shoot sections were placed in 40 ml. 
aqueous solution containing each of eugenol, coniferyl alcohol, coniferyl alcohol 
plus synap alcohol, and synap alcohol. Hydrogen peroxide was added to the respec- 
tive mixtures and the pH was adjusted to 4.5. After 40 hrs. of incubation, each 
group of sections was extracted successively with ethanol, ether, and benzene using 
a small Soxhlet extractor. The tissues were then dried and sealed with alkaline 
nitrobenzene in a glass tube, and was autoclaved for 2.5 hrs. at 160° C. After the 
digest was neutralized, it was thoroughly extracted by use of benzene, and the 
benzene extract was concentrated to about 0.5 ml. to submit to paper chromato- 
graphy. Water saturated dibutylether and the organic layer of ligroin-dibutyl ether- 
water (6:1:1 by volume) were used as solvents and the position of the aromatic 
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aldehydes on each chromatogram was revealed by spraying with a HCI solution of 
2,4-dinitrophenylhydrazine and diazotized sulfanilic acid, respectively. 


Vanillin and p-hydroxybenzaldehyde were detected from the digests of 
the sections incubated with eugenol and coniferyl alcohol, whereas vanillin, 
p-hydroxybenzaldehyde and syringic aldehyde were detected from those in- 
cubated with coniferyl alcohol plus synap alcohol. Further, in the control 
incubated with a reaction mixture lacking these phenylpropanes, only 
p-hydroxybenzaldehyde was detected. These results may indicate that the 
product giving lignin color reactions is a lignin or a lignin-like condensation 
product. 

However, it has shown that eugenol, dihydroconiferyl alcohol, and ferulic 
acid are converted to different condensation products from lignin by the 
action of peroxidase or phenol oxidase (Freudenberg and Richtzenhain, 1943; 
Richtzenhain, 1949). Furthermore, Siegel (1953) found that eugenol at con- 
centrations of 10-?—10”? M was markedly inhibitory to the enzyme in the 
cell free extract. On the other hand, Freudenberg (1952) found that coni- 
feryl alcohol was converted to lignin by phenol oxidase or peroxidase or both 
in vitro. 

Considering these facts, it should be conceivable that eugenol is converted 
to the coniferyl alcohol type substance by a kind of biochemical reaction and 
the coniferyl alcohol type substance thus produced is condensed to lignin 
by peroxidase, phenol oxidase or both. These reactions may be formulated as 
follows: 


Eugenol > Coniferyl alcohol type substance > Lignin 
Phenol oxidase 
or peroxidase 


3. Oxidative condensation of coniferyl aldehyde in crude eugenol 
with peroxidase 


In order to confirm the above mentioned scheme, the reaction of eugenol 
with peroxidase was examined. It has been found by Adler et al. (1948) 
that eugenol on long Standing contained coniferyl aldehyde produced by 
autoxidation as an impurity. 

As commercial eugenol gave the phloroglucinol-HCI reaction, it was frac- 
tionally distilled in vacuo. A pale yellow distillate (120—126°C/10—12 mm. 
Hg) did not give the phloroglucinol-HCl reaction, whereas an undistilled 
brown resinous residue gave a strong positive phloroglucinol-HCl reaction. 
Then, an alcoholic solution of the undistilled residue was paper chromato- 
graphed by using 3 per cent NH,OH-saturated n-butanol, and a mixture of 
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methanol, ligroin, and benzene (1 : 5 : 5) as solvents, and phloroglucinol-HCI, 
2,4-dinitrophenylhydrazine-HCl, and aqueous FeCl, as spraying reagents. 
The following results were found: 


1. Rf values. 0.83 (purified eugenol), 0.83 and 0.56 (undistilled residue), 
0.56 (synthesized coniferyl aldehyde) — 3 per cent NH,OH saturated 
n-butanol. 

2. Rf values. 0.97 (purified eugenol), 0.97 and 0.57 (undistilled residue), 
0.57 (synthesized coniferyl aldehyde) — Methanol, ligroin and benzene 
1165): 


An orange yellow 2,4-dinitrophenylhydrazone was obtained when ethanolic 
solution of undistilled residue was added to the diluted HCl solution of 
2,4-dinitrophenylhydrazine. The melting point of the recrystallized hydra- 
zone from ethanol was 247°C and no depression was found when mixed 
with an authentic hydrazone of coniferyl aldehyde. A substance responding 
to phloroglucinol-HCI was also formed when eugenol purified by fractional 
distillation was kept standing for a long period. 

From these results, it was concluded that coniferyl aldehyde which had 
been produced from purified eugenol by autoxidation as found by Adler 
et al. during storage was present in the undistilled residue. 


The effect of peroxidase-H,O, on purified eugenol, undistilled 
residue and coniferyl aldehyde 


Each 2 kg. of bamboo-shoot and horse raddish was homogenized by a Waring 
blender, and after filteration, (NH,),SO, was added to each pressed juice (0.7 satura- 
tion). The precipitated crude protein was collected by centrifugation and dissolved 
in small amounts of 1/15 M phcsphate buffer (pH 6.8). Each solution was dialyzed 
for 48 hrs. against running water and was used as an enzyme solution. Each solu- 
tion had a strong peroxidase activity and the purpurogallin numbers of solutions 
were 90 for one sample (bamboo-shoot) and 130 for another (horse raddish). 
Purified eugenol, undistilled residue and coniferyl aldehyde (1.5 g. each) were dis- 
solved, respectively, in 3 1. of 1/15 M phosphate buffer (pH 6.8) and then 100 ml. 
of peroxidase and 10 ml. of 0.5 per cent H,O, solution were added. Color of the 
reaction mixtures turned white immediately. These mixtures were kept for 50 hrs. 
under occasional shaking. After 50 hrs., they were centrifuged separately and each 
pale brownish white precipitate was dissolved in acetone and this acetone solution 
was poured into large amounts of distilled water under continuous stirring. 


The reaction product from purified eugenol was a brown oily substance 
when the acetone solution was poured into distilled water, but this oily 
substance differed clearly from lignin. From the undistilled residue, on the 
other hand, a brown lignin-like precipitate was obtained when the acetone 
solution was poured into water. The precipitate was taken by centrifugation 
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and it was purified by pouring a dioxane solution into ether. The products 
gave a strong positive phloroglucinol-HCI reaction and contained 16.63 per 
cent of methoxyl. Furthermore, the ultraviolet absorption spectrum of its 
ethanolic solution was similar to those of Brauns’ native lignin and an 
enzymatically condensed product of coniferyl alcohol prepared by Freuden- 
berg et al. (1953) (Figure 1). 

A pale brown precipitate similar to that from the undistilled residue was 
formed from coniferyl aldehyde and the purified product gave a strong posi- 
tive phloroglucinol-HCI reaction. The methoxyl content of this purified pro- 
duct was 15.93 per cent and its ultraviolet absorption spectrum was very 
similar to that of lignin. 

Considering these results, it should be concluded that coniferyl aldehyde 
is formed by autoxidation of eugenol on long standing, and the pro- 
duced coniferyl aldehyde is condensed to the lignin-like substance with 
peroxidase and H,0,; this does not occur with purified eugenol. Accordingly, 
Siegel’s finding of lignin formation from eugenol under the influence of 
peroxidase and H,O, might result from either one of the following two steps: 
(1) the coniferyl aldehyde produced by autoxidation of eugenol is condensed 
to the lignin-like substance by peroxidase, or (2) a coniferyl alcohol type 
substance is formed from eugenol by some enzymic reaction, and this is 
polymerized under the influence of peroxidase to the lignin-like substance. 


4. Inhibitory effect of ascorbic acid-glutathione system on the oxidative 
condensation of coniferyl alcohol by peroxidase 


As hitherto stated, ß-glucosidase, phenol oxidase and peroxidase which 
constitute the fundamental elements for Freudenberg’s hypothesis of lignin 
formation are contained in any tissue of the bamboo-shoot. Nevertheless, no 
lignification is actually observed in the entire tissues of young bamboo-shoots 
and this fact leads to the supposition that reducing systems such as ascorbic 
acid-glutathione may inhibit the oxidative condensation of coniferyl alcohol 
by peroxidase. The following experiments were carried out in order to con- 
firm this supposition. 


Contents of reduced ascorbic acid and reduced glutathione in 
various portions of bamboo-shoot 


It was reported that the oxidized forms of flavone, flavonol and flavonone 
such as quercetin and eriodictyol by peroxidase were reduced by ascorbic 
acid, (Huszäk, 1937) and the produced dehydroascorbic acid was reduced 
further via glutathione (Hopkins et al., 1936). Accordingly, under the supposi- 
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Figure 1. The ultraviolet absorption spectra of the 

condensation products of coniferyl aldehyde and 

undistilled residue of crude eugenol with peroxidase. 

—°— Condensation product of undistilled residue of 
crude eugenol. 

—®— Condensation product of coniferyl aldehyde. 
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tion that the reduced ascorbic acid-glutathione might be an inhibitory factor 
for the oxidative condensation of coniferyl alcohol to lignin by peroxidase, 
the quantitative determinations of the contents of these reducing substances 
in various portions of bamboo-shoots were made. 

30 g. of tissues from various portions was homogenized in 40 ml. of 5 per cent 
metaphosphoric acid by a Waring blender under a nitrogen atmosphere. The pressed 
juice of the homogenates was filtered and was diluted to 100 ml. The ascorbic acid 
contents were calculated from the volume which decolorized 2 ml. of 1074 N 2,4-di- 
nitrophenolindophenol. On the other hand, 1 ml. of 10 ? N I, was added to the same 
extract and after 3 min., was back titrated with 5X10 3 N Na,S,O,. The contents 
of reduced glutathione were determined by multiplying the amount of ascorbic acid 
(in mgs.) by 4.1, and subtracting this from the calculated amount based on the 
volumes of consumed I, solution. 


The experimental results are shown in Table 3. As is shown in the Table, 
contents of both compounds decrease markedly in going to the lower portion 
of the bamboo-shoot and the disappearance of these reducing substances 
in the basal portion suggests that coniferyl alcohol is condensed oxidatively 
to lignin by peroxidase. 


Reducing effect of ascorbic acid on oxidation of coniferyl 
alcohol by peroxidase 


Since experiments in the preceding section suggested that reduced ascorbic 
acid and glutathione might be inhibitory the following experiments were made. 
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Table 3. Contents of reduced ascorbic acid and glutathione in various portions 
of bamboo-shoots. 


Material Reduced ascorbic acid mg. % |Reduced glutathione mg. % | 
“Material, 7 || |Rednced aseorbig aed me: 7 RARE 
12 5.01 aoe 
1 as | 34.60 
au? 3.13 | 30.42 
4 1.17 | 19.33 
Phyllostachys heterocycla 1 | 8.33 | 18.09 
P 6.94 11579 
| B1/3 | 5.55 5 10.32 
4 2.65 2,18 
; 0.44 > 
‘ 8.36 34.21 
6.66 29.25 
F 3.27 22.75 
A sy 3.10 20.65 
5 1.74 18.58 
: 6 1.24 12.40 
Phyllostachys nigra 1 9.25 16.04 
: ae 11.15 
; = 5.20 
5 0.75 3.28 
1 8.33 26.47 
> 135 23.66 
DE 417 10.33 
4 2.22 Le 
B 1.01 2.08 
Day i é 
Phyllostachys reticulata 1 7.94 25.48 
F 5.55 18.72 
B <3 1.96 8.30 
| ; aie | 4.02 
5 0.11 1.03 | 


! Group A represents young bamboo-shoots (0.5—1.0 m.) and group B represents fairly 
grown shoots (4.5—5.5 m.). 

? 1 denotes the portion of 1/4 from the top of the bamboo-shoot. Similarly 2 denotes the 
portion of ?/4 from the top. 


107! M H,O, and 10-1 M ascorbic acid were added to 10 ml. of 10-2 M 
phosphate buffer (pH 5.9), and the solution was titrated with 10-2 N I, at 
suitable intervals. In this case, no oxidation of ascorbic acid was observed. 
However, addition of 1 ml. of the above mentioned enzyme solution to the 
same reaction mixture resulted in partial consumption of ascorbic acid and 
H,0, (both ascorbic acid oxidase and catalase were found in the enzyme 
solution), and employment of the enzyme solution dialized against running 
water for 40 hrs., lead to a rather decreased consumption of ascorbic acid 


and H,O,. Furthermore, when 5 uM of coniferyl alcohol was added to the 
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Table 4. Oxidation of ascorbic acid through the oxidized form of coniferyl alcohol 
by peroxidase. 


| Additions Combination remarks | 
| 

ROMA O0. 2m Free + =| Sr + SF 

| 0.1 M ascorbic acid 0.2 ml. ......... | + + + + = 

| Goniferyl alcohol 5.0 pM ............ | =r Sr SE + are 
meeroxidase 05 ml... + -_ + +1 + 

| 0.01 M glutathione 2.0 ml. .......... He alr == AE Air 

| Required ml. for titration (0.01 N Ig) 2.03 6.02 0.33 6.00 4.61 


Titration were made after five minutes of reaction. 
1 Peroxidase was boiled for ten minutes at 100°C. 


same reaction mixture, almost all of the ascorbic acid and H,O, were con- 
sumed (Table 4). 

These facts indicated, that as found by Szent Györgyi (1928) in the reac- 
tion system of flavone, peroxidase, and ascorbic acid, the ascorbic acid was 
oxidized through the oxidized form of coniferyl alcohol by peroxidase in 
the reaction system of coniferyl alcohol, peroxidase, H,O, and ascorbic acid, 
and the oxidized form of coniferyl alcohol might be reduced by ascorbic 
acid. On the other hand, in the reaction system of 10-1 M H,0,, 10-1 M 
ascorbic acid and 5 uM coniferyl alcohol, no consumption of H,O, and 
ascorbic acid was observed after 10 min. of reaction. (Required ml. for 
titration: 20.30 of 10°? N IL). 


5. Evidence for the fact that H,O, produced in the tissues of 
bamboo-shoot is consumed by peroxidase 


Some investigations have already been carried out regarding the genesis 
of peroxide in the plants. Siegel (1954) found that propionaldehyde increases 
the oxidation of pyrogallol in bean tissues. Subsequently, Siegel and Galston 
(1955) demonstrated with pea tissue that flavoprotein substrates, MnCly, 
2.4-dichlorophenol and light enhance peroxide formation. On the other hand, 
the general distribution of catalase in addition to peroxidase in plants is 
known, and therefore, a problem whether the produced H,0, is used by 
peroxidase or by catalase in tissues arises. 

In 1937, Huszäk determined manometrically the O, evolution from 10°? M 
H,0, by catalase. He found that in the presence of peroxidase and ascorbic 
acid, the volume of O, evolution caused by catalase decreased slightly, and 
in the presence of catalase, peroxidase, ascorbic acid, and 10°? M quercetin, 
little O, evolution was found because approximately all of the H,O, was 
exhausted by the peroxidase. The present author has investigated the O, 
evolution from H,O, by catalase in the presence of peroxidase, ascorbic acid, 

Physiol. Plant., 10, 1957 


630 TAKAYOSHI HIGUCHI 


100 


80 


n 
oO 


Figure 2. Consumption of H202 by peroxidase 
under the presence of catalase. 

An ordinary Warburg respirometer was used 
in this experiment. (pH 6.8, temp. 30°C). 


—O— Peroxidase-+catalase+107! M H:0O2. 

—@®— Peroxidase+catalase+10-! M Hs0s 
+10-1 M ascorbic acid. 

—X— Peroxidase+catalase+10-! M HsOsa 
+10-1 M ascorbic acid+5 uM coniferyl 
alcohol. 
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and 5 uM of coniferyl alcohol instead of quercetin. The results are shown in 
Figure 2. 

As shown in Figure 2, in the presence of peroxidase and coniferyl alcohol 
little O, evolution was found. In other words, approximately all of the H,O, 
was exhausted by the peroxidase in spite of co-existing catalase. 

From those experimental results, it is suggested that, in spite of the 
co-existence of catalase in the tissues, lignin is formed from coniferyl alcohol 
in the presence of peroxidase and H,0,, and absence of reducing systems 
such as ascorbic acid-glutathione. In fact, it was found that in the tissues 
at the base of fairly grown bamboo-shoots (4.50—5.50 m. in height), the 
contents of reduced ascorbic acid and glutathione were very minute and the 
lignification extended from vascular bundles to the entire tissues including 


parenchymatous cells. These experimental results might be formulated as 
follow: 


H203—)— Coniferyl alcohol Fe Dehydroasc. acid — —Red. glutathione 
H,0 * > Oxd. coniferyl ale. — Ascorbic acid + >Oxd. glutathione 
Peroxidase | Dehydroascorbic acid 
i reductase 
Lignin (In the absence of reducing system, 
oxidized form of coniferyl alcohol 
condensed to lignin). 


In the case where the phenol oxidase is responsible, O, and phenol oxidase 
may be substituted to peroxidase and H,O, in the above mechanism. More- 
Physiol. Plant., 10, 1957 


BIOCHEMICAL STUDIES OF LIGNIN FORMATION. II 631 


over, it has been shown that the reduced coenzyme I couples with phenol 
oxidase (Warburg, 1949), and therefore the above mentioned explanation 
indicates only a possible hypothesis for the reason of no lignification in the 
young bamboo-shoot. Further studies should be made to prove whether this 
mechanism is responsible or not for lignification of tissues. 


Summary 


1. The lignin formation was studied by running Maule and Cl,-Na,SO, 
reactions on the embryonic root tips of kidney bean and bamboo-shoot tissues 
which were cultivated in a buffer solution containing several phenylpropanes 
such as coniferyl alcohol, eugenol, isoeugenol, synap acid, synap alcohol, 
p-hydroxycinnamic acid, p-hydroxyphenylpropyl alcohol etc. The formation 
of the products exhibiting the positive color reactions was more rapid in the 
presence of H,O, than with the phenylpropanes alone, and all inhibitors 
which are generally known to inhibit the enzymes containing heavy metals 
exhibited the inhibitory effect on the formation of lignin-like products to 
some extent. Syringic aldehyde was absent in the alkaline nitrobenzene oxida- 
tion products of the samples cultivated with guaiacylpropane substances. In 
the case of samples cultivated with addition of syringylpropane substances, 
both color reactions were positive and syringic aldehyde was found in the 
oxidation products. 

2. Coniferyl aldehyde was formed by autoxidation of eugenol on long 
standing, and the produced coniferyl aldehyde was condensed to the lignin- 
like substance with peroxidase and H,0,, but purified eugenol was not. 
Accordingly, Siegel’s finding of lignin formation from eugenol under in- 
fluence of peroxidase and H,O, might be considered that (1) either the coni- 
feryl aldehyde produced by autoxidation of eugenol was condensed by per- 
oxidase, or (2) that a coniferyl alcohol type substance was formed from 
eugenol by some enzymic reaction before it could be polymerized enzyma- 
tically by peroxidase, and the produced coniferyl alcohol type substance was 
condensed to the lignin-like substance by peroxidase. 

3. Quantitative determination of reduced ascorbic acid and glutathione 
were made for each of upper, middle and basal portions of bamboo-shoots. 
Contents of both compounds decreased markedly in going to the lower por- 
tion of bamboo-shoots and it was suggested that in the basal portion, coni- 
feryl alcohol was condensed oxidatively to lignin by peroxidase because of 
the disappearance of these reducing substances. Ascorbic acid was oxidized 
through the oxidized form of coniferyl alcohol by peroxidase in the reaction 
system of coniferyl alcohol, peroxidase, H,O,, and ascorbic acid, and the 
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oxidized form of coniferyl alcohol was reduced simultaneously by ascorbic 
acid. In the presence of coniferyl alcohol, approximately all of the H,O, 
was exhausted by peroxidase in spite of the co-existence of catalase. From 
these experimental results, it is suggested that lignin is formed from coni- 
feryl alcohol in the presence of peroxidase and H,0;, and absence of reducing 
system such as ascorbic acid-glutathione in spite of the co-existence of 
catalase in the tissues. 


The author is greatly indebted to Prof. Dr. I. Kawamura for his instructive advice 
during the course of this study. Thanks are also due to Prof. Dr. T. Mori of the 
Biological Institute, Faculty of Science, Nagoya University for his stimulating 
interests and encouragements during the course of the study. 
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In the previous paper the author reported the processes of the formation 
of lignin from phenylpropanes such as coniferyl alcohol and eugenol. How- 
ever, the series of investigations above mentioned dealt with the processes 
of the biological condensation of lignin from these phenylpropanes, and the 
author could scarcely find the publications which dealt with the biological 
formation of phenylpropanes such as lignin building stones. 

In 1921, Neuberg et al. discovered the formation of phenylacetylcarbinol 
and benzoyl methylketone in fermented liquor of saccharose or pyruvic acid 
upon addition of benzaldehyde and they explained this fact by the following 
formulae. 


CH, : CO : COOH 


CH; :CHO+CO, 
Carboxylase 

CH; -CHO+C,H; : CHO C,H; JCHOH#IGOZCH; 

“Nascent” Carboligase 


In this case, the enzyme which catalysed the second reaction was named 
carboligase. Later, they also found the formation of corresponding ketols by 
yeast carboligase from aromatic aldehydes such as o-chlorobenzaldehyde, 
anisaldehyde and o-toluylaldehyde. 

As the structures of the side chains of these ketols and diketones were 
identical with that of some ethanolysed products of lignins reported by 
Hibbert et al. (1942), the present author has investigated the possible role 
played by carboligase during the processes of biological formation of phenyl- 
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propanes as lignin building stones. Investigations were also made on the 
changes in lignin content and in the methoxyl content of the lignin during 
the growth of plant. 


Experimental 


1. A possible mechanism of the biological formation of lignin building units. 


The formation of the respective ketols and diketones by carboligase during 
the fermentation process was investigated by using vanillin and syringic 
aldehyde as substrates. 

According to the method of Neuberg et al., 100 g. of fresh brewer's yeast was 
added to a 2.5 1. of saccharose solution (saccharose, 100 g.) and the solution was 
incubated at 35°C. After about 3—4 hrs., a considerable evolution of CO, was 
observed. To this there was added in small portions 10 g. of vanillin under vigorous 
stirring (series A). In another experiment (series B) syringic aldehyde was used 
instead of vanillin, and the amount of each reagent was one fifth of the former. 


After fermentation for 4 days the fermented solution was filtered through 
a Biichner funnel and washed twice with suitable amounts of ca. 50 per cent 
ethanol. The combined solution of the filtrate and the washing was con- 
centrated to about 200 ml. at 50°C (bath temp.) under reduced pressure and 
extracted continuously with ether for 60—-70 hrs. The ether extract was 
separated into carbonyl compounds, acids, and neutral compounds by suc- 
cessive extractions with 20 per cent sodium bisulfite and with saturated 
sodium bicarbonate. 


Bisulfite soluble compounds 


Bisulfite soluble compounds in the ether extract were extracted by shaking 
with 20 per cent sodium bisulfite in a separating funnel. The bisulfite solu- 
tion containing carbonyl compounds was carefully decomposed with equi- 
valent amounts of dilute sulphuric acid under stirring. After removal of SO, 
under reduced pressure, free carbonyl compounds were thoroughly extracted 
with ether. The ether solution was dried over anhydrous sodium sulfate and 
the ether was evaporated in vacuo. Yields of compounds: Series A—about 
5 g., Series B—about 1.1 g. 


a) Vanilloyl methyl ketone 


The obtained crystalline solid (series A—-5.0 g.) was dissolved in 500 ml. 
of water, and 2.9 g. of NH,OH : H,SO,, 17 ml. of 5 per cent NiCl, solution, 
and 22 g of crystalline sodium acetate were added. The solution was boiled 
gently under CO, atmosphere for 24 hrs. The precipitated reddish brown 
nickel glyoxime salt of a diketone compound was separated by decantation 
and centrifugation, and the solution was continuously boiled for an additional 
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3 days. The combined nickel glyoxime salt was dried (about 550 mg.—in the 
second experiment starting from 50 g. of vanillin, about 5.4 g. of the salt was 
obtained.) and was decomposed with 12 N H,SO, at room temperature for 
24 hrs. The free compound was extracted completely with ether and after 
drying over anhydrous sodium sulfate, the ether was evaporated. Small 
amounts of yellow oil were obtained and after standing some days, the oil 
gradually crystallized. After recrystallization from water, the melting point 
of the crystal was 69—70°C. 2.4-dinitrophenylhydrazone, monosemicarba- 
zone, disemicarbazone and quinoxaline were prepared, and the melting points 
were 225—226°C, 215—216°C, 239 240°C and 160—161°C, respectively. 
Vanilloyl methyl ketone was synthesized from a-hydroxypropiovanillone by 
the method of Hibbert et al. (1940) and mixed melting points with the 
obtained products showed no depression. 


b) Syringoyl methyl ketone 


A nickel glyoxime salt of the diketone from series B was obtained by the 
same procedure as series A, and the salt was decomposed with H,SO,. The 
free compound wa, extracted with ether and the ether was evaporated. 
A small amount of viscous product was dissolved in ethanol and a small 
quantity of the solution was used as a sample for paper chromatography. 
Most of the solution was employed for preparation of the monosemicarba- 
zone, and after recrystallization from ethanol, the melting point was 211° C. 
Authentic monosemicarbazone of syringoyl methyl ketone was prepared 
from authentic syringoyl methyl ketone obtained from the ethanolysed 
product of bamboo by the method of Hibbert (1941) and mixed melting 
point with the semicarbazone showed no depression. 


c) Unreacted starting compounds 


Each boiled solution of series A and series B from which the nickel gly- 
oxime salt had been removed, was extracted with ether repeatedly and the 
ether extract was shaken with 20 per cent sodium bisulfite for 8 times. Each 
bisulfite soluble fraction was decomposed with dilute H,SO,, and after 
removal of SO,, vanillin (series A) or syringic aldehyde (series B) was 
extracted with ether. After evaporation of the ether, the crystals of each 
compound were obtained. The melting points of the crystals were 82°C 
(series A) and 110°C (series B), respectively, and mixed melting point with 
each authentic specimen showed no depression. 


d) Oxime compounds 


The above named ether extract from which the bisulfite soluble compound 
had been removed, was dried over night over anhydrous sodium sulfate, and 
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was concentrated by evaporation. A fair amount of the oxime of vanillin 
(series A) crystallized upon standing. After recrystallization from ethanol, 
the melting point of the obtained crystal was 119.5°C, and the mixed melting 
point with an authentic specimen showed no depression. An oil, which upon 
oxidation vielded vanilloyl methyl ketone, was obtained by evaporation of 
the mother liquid. Taking into consideration the fact that phenylacetyl- 
carbinol is obtained by the action of yeast carboligase on benzaldehyde (Neu- 
berg et al.), and the mentioned production of vanilloyl methyl ketone, this 
oil possibly be the oxime of vanillylacetylcarbinol (series A). In series B, 
owing to the minute amount of oxime production the identification of these 
were not made. 


Sodium bicarbonate soluble compounds 


Each original ether extract of series A and series B from which the bisul- 
fite soluble compounds had been removed, was shaken respectively with 
suitable amounts of saturated sodium bicarbonate for 8 times. The bicar- 
bonate solutions were neutralized with dilute H,SO, and were extracted again 
with ether. The ether extract was dried over anhydrous sodium sulfate and 
the ether was evaporated under reduced pressure. A semicrystalline solid was 
obtained which completely solidified upon standing. The respective solids 
from series A and B were recrystallized from benzene. The melting points 
were 115°C in series A and 136°C in series B, and the mixed melting points 
with authentic specimens of vanillyl alcohol and syringyl alcohol showed no 
depression. Moreover, substantial amounts of crystals of vanillic acid (series A) 
or syringic acid (series B) were obtained from the mother liquor and melting 
point with authentic specimens of vanillic acid (m.p. 210°C) and syringic 
acid (m.p. 205°C) gave no depression. The vanillic acid which was used for 
mixed melting point was prepared from vanillin by the metbod of Pearl 
(1950), and the syringic acid was synthesized also from syringic aldehyde 
by a similar method. 


Neutral compounds 


Each original ether extract from series A and series B, from which the 
bisulfite addition compounds and the bicarbonate soluble compounds had 
been removed, was dried over night over anhydrous sodium sulfate. After 
evaporation of the ether in vacuo, a crude crystal was obtained. Yields of 
compounds: series A (vanillyl alcohol) ca. 1.5 g.; series B (syringyl alcohol) 
ca. 200 mg. Each crystal was recrystallized from benzene. The melting points 
were 115°C and 136°C, respectively, and no depression was observed by 
mixed melting point with each authentic specimen. 
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Table 1. Rf values and color reactions of the fermented products of vanillin and 
syringic aldehyde. 
———————————_—_—_————__————_ 


Rf value Color reaction 
Compounds Diazotized 2,4-dinitro- | 
A? B? sulfanilic phenylhydra- | 
acid zine 
R 5 - CO - CO : CH3.. 0.52 0.66 Yellowish-orange Pale yellow 
R-CHs5ÖOH-....... 0.82 0.02 Orange Negative 
RACHOÏMES 2.12. 0.10 0.44 Orange Orange 
RPCOOH 4... 0.05 0.00 Orange Negative 
Unidentified ...... 0.90 0.18 | Orange Negative 
R’4-CO-CO-CHs3.. 0.43 0.56 Pink Pale yellow 
REICHOH ==: ... 0.71 0.01 Pink Negative 
FREUT... 0.34 = 0.37 Pink Orange 
Re@ICOOH ceca. ver 0.02 0.00 Pink Negative 
Unidentified ...... 0.86 0.11 Pink Negative 


1 3 per cent NH4OH saturated n-butanol. 

? Organic layer from a mixture of water, ligroin, chloroform, and methanol (5:7 :2:1, 
by volume). 

3 R=Guaiacyl nucleus. 

4 R’=Syringyl nucleus. 


Paper chromatography of the bisulfite addition compounds, the bicar- 
bonate soluble compounds, and neutral compounds 

An ethanolic solution of each product was used as a sample. The solvent systems 
chiefly used were n-butanol saturated with 3 per cent NH,OH and the organic 
layer from a mixture of water, ligroin, chloroform, and methanol (5:7:2:1, by 
volume). The ascending method was adopted and the position of each product on 
the chromatogram was shown by spraying with diazotized sulfanilic acid, 1 per cent 
aqueous FeCl,, and 12 per cent HCl solution of 2.4-dinitrophenylhydrazine, respec- 
tively. 


The Rf values and colors of the products are shown in Table 1. Diazotized 
sulfanilic acid is convenient for distinguishing between a syringyl compound 
and a vanillyl compound, because compounds having a syringyl nucleus 
generally give a reddish pink color when reacted with the reagent whereas 
those with a vanillyl nucleus afford the orange coloration. Vanillin, vanillyl 
alcohol, vanillic acid, vanilloyl methyl ketone (series A), syringic aldehyde, 
syringyl alcohol, syringic acid, and syringoyl methyl ketone (series B) were 
identified by means of Rf values and color reactions, all of which were com- 
pared with authentic samples. In addition to these compounds two spots 
were observed in each series, and further studies regarding these compounds 
are in progress. 

It has been stated by Hibbert et al. (1942) that monomeric products are 
formed when wood meal is subjected to prolonged heating with ethanolic 
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Scheme 1. 
R : CH, : CO - CH,OH ++ R : CH : C(OH) - CH,OH R : CH(OC,H,)- CO : CH, 
(1) t (2 > (3) 
ous / 
A BE 
a va 
EEE Ye 
4 7 
\ dole +R - CO - CO - CH, 
R : CH(OH) : C(OH) : CH, —— R-CH(OH) - CO - CH, — (6) 
(4) N (5) BE a 
(7 
rs 
FR 
Pi 
oe 
= 
ua 


7 
R. CH(OH) : C(OH) - CH, <= R:CO : CH(OH)-CH, ~> R - CO - CH(OC,H,) : CH, 
(8) (9) (10) 


(R=3,4-dimethoxyphenyl-) 


hydrogen chloride. Thus, from the mixture of reaction products obtained 
from the ethanolysis of coniferous and deciduous woods the ketol ethers 
(3) and (10), the diketone (6) and the monoketone (7) (coniferous: R= 
3-methoxy-4-hydroxyphenyl, deciduous: R=4-hydroxy-3,5-dimethoxyphenyl) 
were isolated. In contrast to native lignin all these compounds contain C-CH, 
groups and they must therefore have arisen by rearrangement of some 
structural elements in the lignin. Hibbert found that the methyl ether of 
B-oxyconiferyl alcohol on ethanolysis gives the ketol ethers (3) and (10). 
He therefore considered that the monomeric ethanolysis products arose from 
a ß-oxyconiferyl alcohol residue in the manner shown in scheme 1. 

On the other hand, Adler et al. (1952) proposed recently that these mono- 
meric ethanolysis products are probably formed from polyhydroxylic struc- 
ture since lignin contains only a few ketonic groups. They showed that vera- 
trylglycerol and ß-guaiacyl ether of veratrylglycerol were converted into a 
mixture of the ketol ethers (3) and (10) on ethanolysis. Furthermore, Adler 
et al. (1955) synthesized guaiacylglycerol-B-guaiacyl ether and found that 
the compound was a promising lignin model. In fact, Freudenberg (1954) 
has shown recently that one of the three dimeric products previously obtained 
on enzymatic dehydrogenation of coniferyl alcohol is identical with guaiacyl- 
glycerol-B-coniferyl ether. 

The products obtained by the action of carboligase are identical with com- 
pounds (3) and (6) in Hibbert’s scheme and this fact gives an important 
suggestion for biological formation of the lignin building stone. 
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Neuberg found that benzoyl methyl ketone was formed as a by-product 
in addition to phenylacetylcarbinol in fermented liquor of saccharose when 
benzaldehyde was added. This product may perhaps be transformed by a 
scheme similar to Hibbert’s dismutation theory from phenylacetylcarbinol. 
Accordingly the obtained products, vanilloyl methyl ketone and syringoyl 
methyl ketone, also should be derived in secondary manner from vanillyl- 
acetylcarbinol and syringylacetylcarbinol, respectively, which in turn are 
first formed by the action of carboligase. Namely, the latter products may 
be primary essential products for formation of the lignin building stone, 
and the dismutation seems to take place readily under biological conditions. 


Stepanov et al. (1931) investigated the carboligase in the leaves of some 
species of plants and confirmed the general occurrence of the enzyme in 
association with chlorophyll. According to Stepanov the carboligase is not 
found in tissues lacking chlorophyll. Furthermore, Singer et al. (1952) 
obtained a very active and purified carboxylase from wheat germ and found 
that acetoin was synthesized from pyruvate and acetaldehyde, or acetalde- 
hyde alone by this enzyme. In accord with the theory of Dirscherl (1930) 
and of Langenbeck et al. (1934), Singer et al. concluded that acetoin syn- 
thesis is indeed catalized by the same enzyme. 


Aromatic aldehydes in plants 


Recently Black et al. (1953) found vanillin, syringic aldehyde, coniferyl 
aldehyde, and sinap aldehyde in alcoholic extracts of hard woods, but only 
found vanillin and coniferyl aldehyde in the extracts of coniferous woods. 
Subsequently, Ishikawa et al. (1954) reported the occurrence of p-hydroxy- 
benzaldehyde and protocatechualdehyde in addition to the above mentioned 
aromatic aldehydes in the extract of wheat. 


In order to confirm the presence of these aromatic aldehydes, 500 g. each of 3 
species of bamboo-shoots (about 1 m. in height) was homogenized in ethanol by a 
Waring blender, and the homogenates were extracted by refluxing for 3 hrs. The 
ethanol extracts were filtered through a Büchner funnel and ethanol was evaporated 
in vacuo. The dried substance was dissolved in 250 ml. of benzene and the benzene 
solution was extracted with 20 per cent bisulfite solution. The bisulfite solution 
which contained carbonyl compounds was decomposed with dilute sulphuric acid, 
and after removal of SO, under reduced pressure, the free carbonyl compounds 
were extracted with ether. Ether was evaporated in vacuo and the substance was 
dissolved in 1 ml. of ethanol to carry out paper chromatography. The method of 
paper chromatography used was the same as above stated, and 2.4-dinitrophenyl- 
hydrazine-HCl and diazotized sulfanilic acid were used as spraying reagents. Vanil- 
lin, syringic aldehyde, p-hydroxybenzaldehyde, vanillic acid, syringic acid, and 
p-hydroxybenzoic acid were identified by means of their Rf values and color reac- 
tions. The results are given in Table 2. 
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Table 2. Aromatic aldehydes and acids in ethanol extract of bamboo-shoots. 


Rf value Color reaction 
|  Diazotized 2,4-dinitro- 
EEE At B: sulfanilic phenylhydra- 
acid zine 
Magen See 1 0 Euler we el De ee ee 
Syringic aldehyde ....... 0.34 0.37 Pink Orange 
DyYEIngIC acIderer en ne 0.02 0.00 Pink Negative 
Vadim Gat dom dodsohoce 0.40 0.44 Orange Orange 
Vanilic acide... 0.05 0.00 Orange Negative 
p-hydroxybenzaldehyde .. 0.55 0.10 Orange Orange 
p-hydroxybenzoic acid .. 0.13 0.00 -Orange Negative 


1 A and ?B same as in Table 1. 


Very recently, Brown and Neish (1955) reported that C!*-labelled vanillin 
and p-hydroxybenzoic acid, and phenylpropanes, such as phenylalanine, 
tyrosine, and cinnamic acid were incorporated appreciably into parts of the 
lignin of wheat plant. Furthermore, Freudenberg et al. (1955) reported that 
C14-labelled glucovanillin was incorporated into a lignin-like substance of 
spruce wood. 

Under consideration of these facts, it is suggested as a possible scheme 
that C.-C, substances such as p-hydroxybenzaldehyde, vanillin and syringic 
aldehyde are formed enzymatically through intermediate products of photo- 
synthesis in the first step, and subsequently, essential phenylpropane sub- 
stances for the lignin building stone are formed by the action of carboligase, 
and finally these substances are transformed by rearrangements and dis- 
mutations. 

Further, vanillyl alcohol and syringyl alcohol which were obtained from 
the fermented liquor when vanillin and syringic aldehyde were added, 
respectively, might be formed by the action of alcohol dehydrogenase, 


whereas the vanillic acid and syringic acid might be formed by the action 
of aldehyde dehydrogenase. 


2. Formation of lignin in bamboo-shoot 


The author has reported on some biological factors which are responsible 
for the enzymatic conversion of phenylpropanes to lignin and a possible 
mechanism of formation of such phenylpropanes as lignin building stone 
has also been proposed. 

The present experiments was undertaken in order to clarify the changes in 
lignin content and in the methoxyl content of the lignin during the growth 
of plant. The work of Phillips et al. (1939) showed that wheat, oat and 
barley seedlings contained a small amount of lignin and that a rather rapid 
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Table 3. Analyses of various portions (upper, middle, and basal) of bamboo-shoots. 
(Per cent of the water-free material) 
EE u u u I a I nn EEE 


Extracts of Contents of 
Material Ash | hot- | 1 % lethanol-| cellu- pent- | in | OCH, |OCH; in 
water | NaOH |benzene, lose | osan sa 3| lignin 
Ul 1.61 | 16.16] 45.44| 4.72 | 31.69] 2540| 2.25] 1.21 | 5.17 
: M. 0.70 | 15.78] 34.17] 3.60 | 35.44] 31.62] 6.21] 1.34 | 7.76 
Phat 1 N .62 32 : .76 
PROCESS 5 RES 0.88 | 14.72 | 32.86] 2.33 | 38.48! 36.20] 7.80| 1.91 8.27 
M.B.| 1.31 | 19.96 | 32.19] 4.63 | 49.12] 27.70 | 26.06 | 6.69 | 14.48 | 
U. 2.15 | 19.26| 58.14| 6.32 | 43.89| 25.56| 2.14] 139 | 4.26 | 
eG rc M. 0.88 | 12.02] 46.02| 3.35 | 41.53] 27.18] 6.93| 1.20 | 5.86 
® 0.68<| 14.14| 39.28 |. 2.38 | 45.41| 42,97| 7.08| 1.62 7.47 
M.B.| 2.00 | 21.47| 34.03| 3.35 | 42.31| 24.13| 23.82| 6.45 | 17.06 
FE 1.39 | 10.84| 57,49) 6.64 | 34.36 | 24.94| 3.84| 1.47 | 3.36 
| M. 0.85 | 8.58| 46.18| 3.66 | 37.30 | 29.58| 4.85] 1.99 | 4.78 
P. reticulata LE 0.78 | 8.31| 34.87| 1.21 | 38.39| 49.74| 917| 238 | 6.46 
M. B.| 1.94 | 23.24] 36.17| 3.37 | 40.97| 26.54 | 25.33| 7.02 | 14.68 


The upper portion of bamboo-shoot. 
The middle portion of bamboo-shoot. 
The basal portion of bamboo-shoot. 
.B.: Mature bamboo. 


zwzc 


increase took place about 40 days after the plants had emerged from the soil. 
They also found that young lignins had a lower methoxyl content than older 
lignins. The same tendency was found by Stone et al. (1951) and Ishikawa 
(1952). Stone et al. found that the ratios of vanillin to syringic aldehyde 
obtained by nitrobenzene oxidation was not constant with plants of different 
ages, the percentage of syringic aldehyde being lower than that of vanillin 
in the young plants and higher in those which were more mature. This 
tendency is qualitatively in agreement with an increase in the methoxyl 
content of the lignin as pointed by Stone et al. 


Changes in the content of the constituents of bamboo-shoots during growth 


Three species of bamboo-shoots (about 2.5 m. in height) were employed. The 
sheath was peeled off immediately and was cut into the upper, middle and basal 
portions, respectively. The sample of each portion was homogenized by a Waring 
blender and the homogenate was pressed to remove the juice. The homogenate was 
extracted several times with cold and hot water successively to remove the water 
soluble substances. The extracted sample was dried at 50°C and was used as a 
sample for analysis. Conventional methods of wood analysis based on Schorger’s 
procedure was employed, but the content of lignin was corrected for protein. Mature 
bamboos were used for comparison. 


Table 3 shows that the contents of ash and the extracts of hot water, 
1 per cent NaOH, and ethanol-benzene decrease with maturation of the bam- 
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Table 4. Melting points of aldehydes and their derivatives obtained from the product by 
alkaline nitrobenzene oxidation. 


ER EEE EEE eee 


2,4-dinitro- : 

Ammonium | ” Semicarb- 
| Compounds OCH, % | Aldehyde ar | phenyl ade 
| hydrazone 

| = oe 

| ingi a a — 2G 2— 23: 83—185 °C 
Syringic aldehyde .... 34.13 |109—110 °C | 144—145 °C | 232—235 °C | 18 
| Vanillin A siaisus ce 20.08 81 —82 76—77 260— 262 231232 
| p-hydroxybenzaldehyde 0 115—116 106 —107 275—277 222—223 | 


boo-shoots, though they are somewhat larger in bamboos than in shoots. 
This fact may be attributed to the effect of water extractions in preparing 
the samples of bamboo-shoots. On the other hand the contents of cellulose, 
pentosan, lignin, total methoxyl, and methoxyl of lignin increased with the 
maturation of the bamboo-shoot; the pentosan content decreased again in 
bamboos. These results coincide with those of past several workers men- 
tioned above. 


Alkaline nitrobenzene oxidation 


Into a 500 ml. brass bomb of a shaking autoclave there was placed 30— 
10 g. of plant material (lignin content: 1.5—2 g.), 20 ml. of nitrobenzene, 
and 2 N NaOH ten times the weight of the plant material. The bomb was 
heated with shaking for 3 hrs. at 160°C. The NaHSO, soluble fraction was 
extracted from the benzene extract of the reaction product and the separa- 
tion of each aldehyde was made according to the method of Creighton et al. 
(1941). 


Identification of syringic aldehyde, vanillin and p-hydroxybenzaldehyde 


The identification of. the aldehydes fractionated as mentioned above was made by 
comparison with standard samples by means of paper chromatography as well as 
mixed melting point. The ethanolic solutions of aldehydes were chromatographed 
by using the organic layer from a mixture of ligroin, dibutylether, and water (6:1:1, 
by volume) as solvent, and a HCl solution of 2.4-dinitrophenylhydrazine as spraying 
reagent. The Rf values were compared with those of authentic specimens (syringic 
aldehyde, 0.28, vanillin, 0.65, and p-hydroxybenzaldehyde, 0.43) and the three 
aldehydes in each sample were inspected. The derivatives which are shown in 
Table 4, were also prepared by ordinary methods and were identified by means of 
mixed melting point with authentic specimens. 


Changes in molecular ratio of syringic aldehyde and vanillin to p-hydroxy- 
benzaldehyde obtained from the bamboo-shoots at different growth stages 


The results of analysis indicated that the methoxyl content of the lignin 
increased with maturation of bamboo-shoots. This fact may suggest that the 
increase in methoxyl content of the lignin is due to the increase of syringly 
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Table 5. Changes in molecular ratio of syringic aldehyde and vanillin to p-hydroxybenz- 
aldehyde obtained from the bamboo-shoots at different growth stages. 


; Totall Syringiel ne P-Hydroxy-!| \ 
Material yring 1 ydroxy Molecular 
aldehyde aldehyde PA benzaldehyde ratio 


11.3 % 
19.6 
20.3 
23.3 


9.6 
18.3 
19.5 
22.7 


10.5 
17.0 
17.2 
20.1 


2e 
© te 


P. heterocycla 


— 
ry 


P. nigra 


: 0 
sale 
2 
Sl 
1 
Sa 
2 


P. reticulata 


WNHS WHE w 
wanow upmw © 
CRON CHAS NSOMO 
Say aye are een dou 


à C9 Hi pa 


1 Calculated for the content of lignin. 
? Same as in Table 8. 


and guaiacyl nuclei rather than the presence of large amounts of humic acid 
in young samples. 

The quantitative estimation of each aldehyde obtained upon nitrobenzene 
oxidation of the samples was made by the method of Creighton et al. 

The results are given in Table 5. 

The results show that the contents of total aldehydes calculated as per- 
‘centage of 70 per cent H,SO, lignin increase considerably during lignifica- 
tion, and increase of the content of syringic aldehyde is remarkable. The 
ratio of p-hydroxybenzaldehyde, vanillin and syringic aldehyde obtained 
by oxidation changes in accordance with the growth of the bamboo-shoot. 
In upper portions, the order of the content is the same as above, though in 
middle and basal portions, the contents of vanillin and syringic aldehyde 
increase remarkably in comparison to the content of p-hydroxybenzaldehyde. 
In bamboo, syringic aldehyde is predominant and the order of the content 
in upper portions is reversed. This might mean that there indeed exist a basic 
difference in the nature of the lignin at different growth stages, and the early 
predominance of the aldehyde with a non-methoxylated unit was qualita- 
tively in agreement with an increase in the methoxyl content of the lignin 
during lignification, as has already been pointed out by Stone et al. 


The content of phenolic hydroxyl and the molecular weight of dioxane 
lignin 
It is likely that the molecular weights of lignins of bamboo-shoots are lower than 


those of bamboos. This aspect has been investigated. 10 times of dioxane containing 
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Table 6. The methoxyl content of the dioxane lignins and their diazomethane 
meihylated products. 


: : Krb Diazomethane-methyl- B—Al 
Material Dioxane lignin (A) ated dioxane) again LE) oe 
nt SGEN ree 
U2 4.32 % 16.23 % | 14.22 % 
M. | 4.75 16.75 14.41 
U a ee 6.36 17.01 | 12.95 
M.B. | 13.27 21.90 | 11.05 
ileal! 4.21 15.90 | 13.90 
1 M. | 4.38 17.32 | 15.65 
P. nigra Ba a 5.72 16.83 . | 13.36 
M.B. 14.01 20.52 8.20 
U. 3.65 14.50 12.79 
ER M. 4.12 15.70 | 13.78 
ea nr 5.01 16.20 13.39 
M.B. 13.01 21.20 | 10.27 


1 Introduced methoxyl per dioxane lignin by diazomethane-methylation. 
? Same symbol as in Table 3. 


0.4 per cent HCl were added to the samples and the lignin was extracted by heating 
in a water bath for 3 hrs. After filtration, the dioxane extract was concentrated in 
vacuo and was poured into water. The lignin separated as a flocculent precipitate 
or formed a colloidal solution; in the latter case a few grams of sodium sulfate was 
added with stirring, to coagulate the lignin. The obtained lignins were purified 
according to the purification method of Brauns’ native lignin. The dried and finely 
pulverised lignin was suspended in ether, an ethereal solution of excess diazomethane 
was added under stirring, and the reaction mixture was kept over night. After 
repetition of methylation twice, the methylated lignins were collected by filtration 
and were thoroughly washed with dry ether. 


The methoxyl content of the dioxane lignins and their methylated products 
are given in Table 6. The results indicate apparently that the content of 
phenolic hydroxyls methylated by diazomethane is higher in the lignins of 
bamboo-shoots than those of bamboos. This fact seems to support the idea 
that the polymerization of lignins of bamboos is in a much more advanced 
stage than those of bamboo-shoots. 


Molecular weight 


The lignin is not a definite uniform compound, but is a group of highly 
polymerized compounds of rather similar chemical properties differing 
widely in molecular weights. As it has been suggested that the molecular 
weight of the lignins of bamboo-shoots is lower than that of bamboos, the 
molecular weight of the dioxane lignins extracted under rather mild condi- 
tion were determined by the Rast method. The results in Table 7 seem to 
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Table 7. The mean molecular weight of the dioxane lignins from the bamboo-shoots at 
different growth stages. 


Upper portion 358.2 
Middle portion 460.3 

Bs P 
Aazosyela Basal portion 476.5 
Mature bamboo 798.4 
Upper portion 363.2 
. Middle portion 423.0 

B: P 
A Tape Basal portion 421.5 
Mature bamboo 830.4 
Upper portion 362.0 
. Middle portion 413.5 
ee Basal portion 470.3 


Mature bamboo 936.6 


justify the supposition mentioned above; namely, it should be concluded 
that the molecular weight of the lignin increase with lignification of bamboo- 
shoots. 


Ultraviolet absorption spectra 


The ultraviolet absorption spectra of these dioxane lignins were determined 
with a Beckman model DU spectrophotometer in dioxane solutions. 

In common with the lignins of deciduous woods, the dioxane lignins of 
bamboos have an absorption maximum at 276 mu whereas the shape of 
ultraviolet absorption spectra of dioxane lignins in the early lignification 
stages are less clear in comparison to those of bamboos, and the absorption 
maxima shift slightly toward longer wave lengths than those of bamboos. 
Recently, Byerrum et al. (1954) found that the methyl carbon of methionine 
and formate appeared as the O-methyl group of lignin and that especially 
methionine methyl groups were transferred as a unit to form the methoxyl 
group of lignin, by feeding to barley and tobacco the methionine doubly 
labeled with C,, and deuterium in the methyl group. Further studies are 
required to clarify whether the syringyl unit of lignins of bamboo-shoots 
during lignification is increased or not through the transmethylation as men- 
tioned above. 


Summary 


1. Vanilloyl methyl ketone or syringoyl methyl ketone has been found to 
be formed by yeast carboligase, when vanillin or syringic aldehyde was 
added in the fermented liquor of saccharose. From the identity of these 
products with one of the ethanolysis products of lignins, a possible role 
of the carboligase on the processes of biological formation of the phenyl- 
propanes as a lignin building stone has been suggested. 
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2. The analysis of 3 bamboo species showed that the contents of extracts 
and ash were higher in bamboo-shoots than in mature bamboos. The con- 
tents of cellulose, pentosan, lignin, and methoxyl groups in lignin increased 
with the age of the bamboo-shoot. However, the pentosan content decreased 
at a still further stage of bamboo growth. 

3. Changes in molecular ratio of the lignin building units were investigated 
by means of alkaline nitrobenzene oxidation of the bamboo-shoots at dif- 
ferent growth stages. The change observed in the ratio of p-hydroxybenz- 
aldehyde, vanillin and syringic aldehyde obtained by oxidation parallelled 
the age of bamboo-shoot. In the upper portion of the bamboo-shoots, the 
order of amount of contents was the same as described above, middle and 
basal portions the contents of vanillin and syringic aldehyde increased with 
age in comparison to the content of p-hydroxybenzaldehyde. In bamboos, 
syringic aldehyde was predominant and the order of amount of contents in 
upper portions was reversed. The predominance at an early stage of the 
aldehyde with a non-methoxylated unit was in agreement qualitatively with 
an increase in the methoxyl content of the lignin during lignification. 

4. The contents of phenolic hydroxyls methylated with diazomethane of 
dioxane lignins were higher in the lignins of bamboo-shoots in comparison 
to those of bamboos, whereas the mean molecular weight of the lignins of 
bamboo-shoots were lower than those of bamboos. These facts suggest that 
the polymerization of lignins of bamboos have progressed much further than 
those of bamboo-shoots. 

5. In general, the dioxane lignins of bamboos had an absorption maximum 
at 276 mu, whereas the shape of ultraviolet absorption spectra of dioxane 
lignins at the early lignification stage were less clear in comparison to those 
of bamboos. 


The author is greately indebted to Prof. Dr. I. Kawamura for his instructive 
advice during the course of this study. Thanks are also due to Prof. Dr. T. Mori of 
the Biological Institute, Faculty of Science, Nagoya University for his stimulating 
interest and encouragement during the course of the study. 
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Bestimmung der Adhäsion in der Allium-Zelle bei 
Plasmolyse, besonders in den durch die Auxinen 
vorbehandelten Zellen 


Von 


YOSHIO MASUDA 


Biologisches Institut, literarische und naturwissenschaftliche Fakultät, 
Universität Ehime, Matsuyama, Japan 


und 


HIDEO TAKADA 
Biologisches Institut, naturwissenschaftliche und technische Fakultät, 
Osaka Stadt-Universität, Osaka, Japan 
(Eingegangen am 5. Januar, 1957) 


I. Einleitung 


Die protoplasmatische Forschung über die Auxin-Wirkung ist von Masuda 
eingehend betrieben worden, und besonders hat er den Einfluss des Auxins auf 
die Permeabilität des Protoplasmas erfasst. Als Ergebnis wurde festgestellt, 
1) dass die physiologische Konzentration der Indolessigsäure (IES) die Per- 
meabilität für Harnstoff, Glyzerin oder Wasser beträchtlich erhöht (1953), 
2) dass die durch IES entstandene Permeabilitätserhöhung nach der Lipoid- 
löslichkeit oder Molekülgrösse permeierender Stoffe verschiedentlich be- 
stimmt wird (1955 b), 3) dass diese Permeabilitätserhöhung durch die Hin- 
zufügung von einer kleinen Menge Zucker heftig verstärkt wird (1955 a), 
und 4) dass die Auxin-Wirkung auf die Permeabilität dagegen durch 2,4-Di- 
nitrophenol (DNP) gänzlich niedergeschlagen wird (1957). Aus den oben 
erwähnten Tatsachen kann man deutlich erkennen, wie die Wirkstoffe, IES 
sowie DNP, auf den Kolloidzustand des Protoplasmas, besonders den der 
Plasmagrenzfläche, erheblich wirken. Diese Möglichkeit ist auch daraus be- 
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greiflich, dass IES oder DNP die Plasmolyseform oder -zeit auffällig beein- 
flussen (Masuda, 1957). 

Es lässt sich somit zusammenfassend sagen: Die durch die IES-Wirkung 
bedingten Änderungen in der Plasmolyseform und -zeit beruhen grösstenteils 
auf der Adhäsion zwischen dem Plasma und der Wand oder der Wand- 
haftung. Seit den Untersuchungen von Weber (1924, 1925, 1929 a, b) ist die 
Plasmolyseform oder Plasmolysezeit als Methode zur Bestimmung der Plas- 
maviskosität in grossem Umfang verwendet worden. Jedoch ist es unver- 
ständlich, wie die Viskositätsänderung des Protoplasmas im ganzen auf die 
Permeabilität seiner Grenzschicht wirkt. Schaefer (1955, 1956) hat auch die 
Plamolyseform mit der Plasmolysezeit verglichen und hat erwiesen, dass die 
Plamolysezeit eher die Adhäsion als die Viskosität darstellt. 

Von diesem Standpunkte aus wurde hier eine quantitative Auswertung der 
Plasmolyseform versucht, um die Adhäsion von den verschiedenen Eigen- 
schaften, welche die plasmolyseformverändernden Faktoren sind, zu trennen 
und ihre Grösse zu bestimmen. Damit wird der Einfluss des Auxins oder 
Antiauxins auf die Adhäsion zu beachten sein. 


II. Experimenteller Teil 


Als Versuchsmaterial diente die Innenepidermiszelle der Zwiebelschuppe 
von Allium cepa. Versuchstemperatur war ungefähr 20—25° C. Diosmotikum 
war 0.7 M Mannitlôsung in pH 4.8. Da es allgemein bekannt ist, dass die 
Plasmolyseform durch die im Plasmolytikum vorhandenen Kationen auffällig 
beeinflusst wird, wurde die Versuchslösung nicht gepuffert. Wie die Wech- 
selbehandlung der Plasmolyse-Deplasmolyse dreimal hintereinander sich 
wiederholt, ist als typischer Fall der Plasmolyseverläufe in Abb. 1 aufge- 
zeichnet. 

Da der zweite und dritte Plasmolyseverlauf keinen Adhäsionseffekt hat, 
beruht der Unterschied zwischen dem ersten und zweiten oder dritten auf 
der Existenz der Adhäsion und dem entsprechenden osmotischen Wert. 
Und da der zweite und der dritte Verlauf ungefähr gleich sind, bleiben die 
anderen Eigenschaften des Plasmas ausser der Adhäsion, z.B. die Plasma- 
viskosität, durch die Plasmolyseverläufe unverändert. Dass der Unterschied 
der Plasmolysegrade zwischen dem ersten und zweiten oder dritten meistens 
dem Austritt des Kalium-Ion aus der Vakuole zuzuschreiben ist, wurde nach 
der flammenphotometrischen Messung bestätigt (Tabelle 1). 

Dass das K-Ion aus der plasmolysierten Zelle stark austrat, obwohl es aus 
der unplasmolysierten fast nicht austrat, wurde auch von Sutcliffe (1954) 
berichtet. 
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0.8 


Abb. 1. Die Wiederholun- 

gen der Plasmolysever- 

läufe in 0.7 M Mannit- 
lösung und Wasser. Ordi- 0.6 
nate: Plasmolysegrade. 


Abszisse: Zeit in Min. 
30 60 30 30 
Min 


Die zahlenmässige Erfassung der Plasmolyseform wurde nun in der Ver- 
bindung des Plasmolysegrades mit dem Oberflächenraum der Protoplaste 
ausgeführt, weil der Oberflächenraum unter dem bestimmten Plasmolyse- 
grade umso grösser ist, je mehr die Plasmolyseform krampfig oder konkav 
ist. Der Oberflächenraum ist minimal in der vollkommenen konvexen Form. 
Andere Erfassungen wurden schon von Cholodny und Sankewitsch (1934) 
oder Schaefer (1955) ausgeführt. Zuerst benutzten Cholodny und Sanke- 
witsch das Verhältnis P/M als Mass für die Plasmolyseform, wo P die im 
Mikroskop festgehaltene Plasmakontur ist und M die entsprechende Wand- 
länge im optischen Querschnitte ist. Kürzlich hat Schaefer in der genaueren 
und besseren Auswertungsmethode für die Plasmolyseform In r benutzt, wo 
r=0/0min darstellt, d.h. das Verhältnis des durch die Plasmolyse erzeugten 
Oberflächenraums (0) zum für das betreffende Volumen möglichenen Mini- 
maloberflächenraum (Omin). Jedoch hat die oben erwähnte stereometrische 
Rechnungsmethode in seinem Versuch noch einige Fehler in der Messung des 
krampfigen Oberflächenraums. Weiter erfordert es noch, dass man die Aus- 
wertung nach der vollständigen Ablösung des Protoplastes von der Wand 
verfolgt. Seine Methode ist also vielleicht geeignet für die Erfassung der 
Plasmaviskosität, aber vermutlich ist hier auch etwas Einfluss der Adhäsion 


vorhanden. 


Tabelle 1. Die Effusion der K-Ionen aus den plasmolysierten Zellen und die 
entsprechende Molarität. 


K-Effusion in der Entsprechende 


Entsprechende 
Br bekand- 2. Plasmolyse K-Molarität Mannit-Molarität 
HSE (mg/g. F. Gw.) (sp. Gw. von Mat. — 1) (= 1.7) 
| 
Kontrolle .... 2.10 0.058 | 0.10 
TES Este s 2.65 0.073 0.12 
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g ig logr Inr 


a Cas 4e 086 126 010 0.231 
NN 2 
5 Gs 0.80 119 0.076 017% 
Cc) 069 110 0.041 0.095 
+ tn) 067 107 0029 0.068 
à en) 064 102 0.009 0.020 
40 GR 059 100 0.000 0000 Abb. 2. Der zweite Plasmolyseverlauf. 


In vorliegender Arbeit wurde die Zelle zuerst verwendet, welche vorher 
einmal mit der Mannitlösung plasmolysiert und im Wasser oder in den 
Wirkstoff-Lösungen deplasmolysiert wurde, es gibt also keine Adhäsion. Da 
die Epidermiszelle von Zwiebelschuppen pflasterstein- oder ziegelartig ist, 
kann man vielleicht den Plasmaflächenraum und die -kontur im optischen 
Querschnitte in Plasmolysegrade bzw. Plasmaoberflächenraum umrechnen. 
Jener wurde mit dem Planimeter und dieser mit dem Kurvimeter in der 
Abbildung gemessen, welche mit dem Zeichenapparat etwa 150-fach ver- 
srössert wurde. Wenn die Plasmolyse in der Mannitlösung ins Gleichgewicht, 
d.h. in die konvexe Form, gelangt ist, erreicht der Oberflächenraum der 
Protoplaste bzw. die Plasmakontur ein Minimum (Pmin.). Wenn die Plasma- 
konturen (P) und Plasmolysegrade (g) zeitlich gemessen wurden, kann man 


logr 
0.10 | 
O 
0.05 
Abb. 3. Die Beziehung zwischen dem 2 
Plasmolysegrade (g - - - Abszisse) und log r 
(Ordinate) in dem zweiten Plasmolysever- 
laufe. 0.00 


0.6 0.7 0.8 9 
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Zeit Zeit 
g r logr Inr in Min g ne log ime alnar 


5 ee 0.87 127 0104 0.239 D 082 129 0m 0254 
10 084 124 0093 0215 

a 072 121 0083 0190 
6 nen) 0.80 120 0.079 0182 

Be 067 112 0049 ON 
4 Cea 077 118 0.072 0165 
30 Cee )} 0.71 112 0.049 013 

en 063 104 0.017 0.039 
26 COS 066 105 0.021 0.049 

ei 

50 en 0.62 100 0.000 0.000 = nn 


Abb. 4. Abb. 5. 


30 0.65 107 0.029 0.068 


Abb. 4. Der erste Plasmolyseverlauf. 
Abb. 5. Der erste Plasmolyseverlauf, der vorher IES gegeben wurde. 


das Verhältnis P/Pmin (=r) gewinnen, wie als Beispiel in Abb. 2 gezeigt 
wurde. 

Die Beziehung zwischen den gemeinen Logarithmen dieser Werte und den 
Plasmolysegraden ist wie in Abb. 3 gezeigt. Die Beziehung wurde so als 
gerade Linie dargestellt. Wenn die natürlichen Logarithmen angegeben wur- 
den, hat der Zusammenhang zwischen In r und g den Charakter einer Expo- 
nentialfunktion (Abb. 6a). 


Inr=g'A 
A=In r/g 
A: Neigung der geraden Linie 


Die Neigung dieser geraden Linie war 1.04. Wenn es keinen Effekt der 
Adhäsion gibt, beträgt die Neigung also etwa 1. Im Falle, dass die Zelle 
vorher nicht plasmolysiert wurde, wird In r in gleicher Weise gewonnen 
(Abb. 4). Die Beziehung zwischen In r und g wird hier zu einer gebrochenen 
Linie (Abb. 6b). Da sich die Protoplaste bis zu diesem, gebrochenen Punkte 
von der Wand nicht vollständig ablöst, d.h. die Adhäsion ziemlich gross ist, 
ist der Wert für In r ziemlich gross für den gleichen Plasmolysegrad. Die 
Neigung der geraden Linie zwischen dem gebrochenen Punkte und der 
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Abb. 6. Die Beziehung zwischen 
dem Plasmolysegrade (g--- Ab- 
szisse) und In r (Ordinate). a: der 
zweite Plasmolyseverlauf. b: der 
erste Plasmolyseverlauf. c: der 
erste Plasmolyseverlauf, der vor- 
her IES gegeben wurde. 


010 


A 
Add. 


06 07 08 q 


0.00 


Abszisse ist also grösser als die von Abb. 6a. Wenn das Material mit IES 
vorbehandelt wurde, ist der Zusammenhang wie in Abb. 5 und. Abb. 6c. 
Daher ist A um so grösser, je grösser die Adhäsion ist. Die Neigung A kann 
also als ,,Adhdsionskoeffizient“ bezeichnet werden. 


Ill. Wirkung des Auxins und Antiauxins auf die Adhäsion 


Man kann erwarten, dass das Auxin, welches die Permeabilität erhöht und 
die Änderung der Adhäsion veranlasst, die Verlängerung der Plasmolysezeit 
und die Krampfplasmolyseform entstehen liess. Dagegen wirkt das Anti- 
auxin wahrscheinlich in umgekehrter Weise wie das Auxin. Man kann auch 
die Wirkung von DNP vermuten, welche die fast vollkommene konvexe 
Plasmolyseform veranlasste (Masuda, 1957). Tabelle 2 gibt die Mittelwerte 
der „Adhäsionskoeffizienten“ (A) der Zellen an, wenn den Zellen 0.01 mg/l 
Indolessigsäure (IES), 2,4-Dichlorophenoxyessigsäure (2,4-D), 2,4,6-Trichlo- 
rophenoxyessigsäure (2,4,6-T), IES+2,4,6-T, 2,4-D+2,4,6-T und 5 mg/l DNP 
3 Stunden lang gegeben wurden, und sie nachher in hypertonischer 0.7 M 
Mannitlösung plasmolysiert wurden. 


Tabelle 2. A-Werte in der ersten Plasmolyse und nachherigen Plasmolyse (zweite). 


Vorbehandlungen 1. Plasmolyse | 2. Plasmolyse 

EEE EL er 

| Kontrolle ..... 1.22 | 0.99 

LES center 1.90 | 0.99 
BAD at 1.93 | 0.94 

IES +2,4,6-T ... 1.09 | 1.08 

| 2,4-D+2,4,6-T.. 1.01 | 1.09 
AOL 2, res 1.11 | 1209 
DNPH sale icc 1.12 — 


Physiol. Plant., 10, 1957 


wor 


ADHASION IN DER ALLIUM-ZELLE 655 


2.0 IES 


Abb. 7. Die Anderungen der Adhäsions- us KONTROLLE 


— — -@- ————— 6 
koefjizienten im ersten Plasmolysever- 
laufe. Ordinate: Adhäsionskoeffizient 10 
(A). Abszisse: Vorbehandlungszeiten in 
Min. 
30 60 90 120 
Min 


An den Ergebnissen von Tabelle 2 fiel folgendes auf: Wahrend A der Kon- 
trolle und der mit DNP behandelten Zellen nicht so gross ist, erhöht IES 
oder 2,4-D A beträchtlich. Andererseits schlägt 2,4,6-T diese IES- oder 2,4-D- 
Wirkung nieder. Im nachherigen Plasmolyseverlaufe, nach dem ersten 
Plasmolyse-Deplasmolyseverlaufe, beträgt A in jeder Behandlungen unge- 
fähr 1. Es gibt hier einen kleinen Unterschied bei jeder Behandlung, er ist 
aber vielleicht auf den Unterschied des jeweiligen Wirkstoffes gegenüber den 
verschiedenen Plasmaeigenschaften wie der Adhäsion, z.B. Viskosität, u.s.w. 
zurückzuführen. 

Wenn IES gegeben wurde, ist die zeitliche A-Änderung wie in Abb. 7 auf- 
gezeichnet. Nach 60 Minuten bei der IES-Behandlung beträgt A 1.86 und 
nach 120 Minuten auch nur 1.90. Der IES-Effekt auf die Adhäsion also kam 
durch die 1-stündige Behandlung auffällig hervor. Die IES-Wirkung im 
zweiten Plasmolyseverlaufe wurde in Abb. 8 gezeigt. Hier auch beträgt A 2.06 
schon nach 60 Minuten und A neigt vielmehr abzunehmen nach 90 Minuten. 


Abb. 8. Die Änderungen der Adhäsionskoeffi- 
zienten im zweiten Plasmolyseverlaufe. Ordinate: 
Adhäsionskoeffizient (A). Abszisse: Vorbehand- 
lungszeiten in Min. 


30 60 90 
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Beide (Abb. 7 und 8) haben aber fast die gleichen Verläufe. Die Kontrolle 
bleibt fast unverändert. Aus diesen Ergebnissen geht hervor, dass die IES- 
Wirkung auf die Adhäsion durch vorherige Plasmolyse fast nicht beein- 
flusst wird. 


IV. Besprechung der Ergebnisse 


Nach den oben erwähnten Ergebnissen fiel es auf, obgleich es einige plas- 
molyseformverändernde Faktoren, z.B. Plasmaviskosität, Plasmadicke oder 
Plasmaspannung gibt, dass es sich am meisten um die Adhäsion handelt. 
Weber (1924, 1925, 1929a, b) hat ausführlich durch seine Forschungen 
dargelegt, dass sich die Plasmolyseform oder -zeit infolge der natürlichen 
oder experimentellen Änderung der Bedingungen oder Zustände ganz ver- 
schieden verhält. Daraus kam er weiter zum Schluss, dass diese Verschieden- 
heit der Plasmolyseform oder -zeit hauptsächlich auf der Plasmaviskositäts- 
änderung beruht. Danach sind die Messungen dieser Plasmolyseform und 
-zeit als Methode zur Bestimmung der Plasmaviskosität verwendet worden, 
und später haben Cholodny und Sankewitsch (1934) oder Schaefer (1955) 
noch eine verbesserte quantitative Auswertung der Plasmolyseform als Be- 
stimmungsmethode der Plasmaviskosität veröffentlicht. Jedoch wurde in 
unseren Versuchen vorausgreifend festgestellt, dass die Adhäsion zwischen 
dem Plasma und der Zellwand die erste Stufe des Plasmolyseverlaufes be- 
herrscht. Hinsichtlich der chemischen, physikalischen oder physiologischen 
Verwandtschaft zwischen der Plasmaoberfläche und der Wand kann diese 
Plasmolyseerscheinung durch die Plasmaviskosität allein nicht ganz erklären 
werden. Die Viskosität ist gewiss ein Faktor, welcher die Plasmolyseform 
oder -zeit beeinflusst, aber ihr Einfluss tritt vielleicht nach der vollkomme- 
nen Ablösung des Plasmas von der Wand hervor. Daher beeinflusst sie nicht 
die Grenzfläche zwischen dem Plasma und der Wand. Der schlagende plas- 
molyseformverändernde Faktor ist also die Adhäsion. 

Masuda (1953, 1955 a, b, 1957) hat die Beziehungen zwischen IES, Plasma- 
permeabilität und Plasmolyseform erforscht und wies darauf hin, dass IES 
die physikalisch-chemischen Zustände der Plasmaoberfläche, besonders die 
Adhäsion während der ersten Phase des Plasmolyseverlaufes, beeinflusst. 
Andererseits ist von manchen Autoren (vgl. Bonner, 1949) nachgewiesen, dass 
IES sich auch auf den Zellmetabolismus bezieht. Wenn auch die durch IES 
entstandenen Metabolismusveränderungen möglicherweise die Viskositätsver- 
änderung veranlasste, ist damit jedoch nicht ganz befriedigend zu erklären, 
dass IES die Adhäsion verstärkt. Daher erhebt sich natürlich die Frage, ob 
die starke Verwandschaft zwischen dem Plasma und der Wand indirekt 
durch den mit IES regierten Zellmetabolismus hervorbrachte, oder ob die 
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Adhäsion durch die direkte Wirkung der IES auf die Plasmagrenzfläche her- 
vorgebracht wurde. Jene ist aber daraus voraussetzbar, dass IES die Zellu- 
lase oder das citaseartige Ferment aktivieren lässt und der durch Respiration 
entstandene Energieverbrauch danach bei der Resynthese der Zellulose folgt 
(Busse und Kandler, 1956). Ashida und Kobayashi (1956) haben auch die 
parallele Beziehung zwischen der Wasseraufnahme und der durch IES er- 
höhten Aktivität der Pektin-Methylesterase bewiesen. Andererseits ist diese 
doch denkbar vom protoplasmatischen Standpunkt aus nach einer Reihe von 
Untersuchungen nach Masuda (1953, 1955 a, b, 1957) oder der nach Veldstra 
(1944). Veldstra hat gezeigt, dass das Auxin eine Art oberflächenaktiver Sub- 
stanz ist. 

Schaefer (1956) hat die Einflüsse des Lichtes von verschiedener Wellen- 
länge auf die Plasmolyseform und -zeit untersucht und festgestellt, dass die 
Adhäsion (Plasma-Wand-Kontakt) durch CO,, schliesslich pH, beeinflusst 
wird. Diese pH-Wirkung auf die Adhäsion veranlasste die Hydratationsände- 
rung der Plasmagrenzzone, welche auf die Photosynthese, Atmung oder den 
Wachstumszustand zurückzuführen ist. Weiter ist es heute allgemein be- 
kannt, dass IES auf die Plastizität oder Elastizität der Zellwand eine Wirkung 
hat (vgl. Brauner und Hasman, 1952; Burström, 1953). 

Bei unserer Untersuchung oder der nach Masuda (1957) hat es sich erwie- 
sen, dass IES oder 2,4-D die Adhäsion erhöht, und 2,4,6-T oder DNP solche 
IES- oder 2,4-D-Wirkung gänzlich anhält. Wenn die Effekte von 2,4,6-T und 
DNP auf den Metabolismus der Zelle im Grunde identisch sind, ist die Auxin- 
Wirkung auf die Adhäsion möglicherweise eine metabolische. Wenn aber die 
beiden Hemmungseffekte im Grunde auf verschiedene Weise ausgeführt 
wurden, wirkt das Auxin vielleicht unmittelbar auf die Plasmagrenzfläche. 
Da IES jedenfalls die Zunahme der Adhäsion nach sich ziehen lässt, ist es 
protoplasmatisch ein mächtiger Weg für die Aufklärung der Auxin-Wirkung, 
dass man die Änderung der Adhäsion, besonders die der vorher einmal plas- 
molysierten Zelle, auswertet. 

Die vorliegende Untersuchung wurde in dem biologischen Institut, Osaka Stadt- 
Universität durchgeführt. 


Hier sei es uns gestattet, Herrn Prof. Dr. Joji Ashida, Universität Kyoto, für 
seine Anregung und ständige Anleitung den besten Dank auszusprechen. 


Zusammenfassung 


1. Aus dem Zusammenhang zwischen dem Plasmaflachenraum und der 
-kontur, die von der Abbildung im optischen Querschnitte gemessen wurde, 
wurde eine Auswertung der Adhäsion versucht. Danach wurde der „Adhd- 
sionskoeffizient“ (A) bestimmt. 
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2. Im Falle, wo es keine Adhäsion gibt, d.h. eine vorherige Plasmolyse 


=. 


ausgeführt wurde, beträgt A ungefähr 1 und 1.2 in der ersten Plasmolyse. 
3. Wenn IES oder 2,4-D gegeben wurde, erreicht A ungefähr 2. Wenn 
aber 2,4,6-T hinzufügt wurde, geht die Adhäsion fast verloren (A ~ 1). 
4. Die IES-Wirkung auf die Adhäsion zeigte sich gewöhnlich nach etwa 
60 Minuten, und sie war in der zweiten Plasmolyse und der ersten ungefähr 
identisch. 
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Most studies of photosynthesis in algae have been done on steady state 
suspensions consisting of cells of different developmental stages. It has been 
shown (Neeb, 1952; Tamiya et al., 1953; Nihei et al., 1954; Nihei, 1955; Soro- 
kin and Myers, 1953 and 1957) that the metabolic characteristics may change 
with the age of the cell. In this study further evidence has been obtained 
concerning the changes in photosynthetic activity during the life cycle of 
algal cells. 


Material and Methods 


The organism employed was the high-temperature strain, 7—11—05, of 
Chlorella pyrenoidosa (Sorokin aiid Myers, 1953). Temperature optima for 
the processes of photosynthesis and respiration in this strain are at 40 to 1240 
The optimum for growth is 39°C. At their optimum temperatures the rates 
of these three processes are 3.5 to 4.5 times higher in strain 7—11—05 than 
the maximum rates in the low temperature strains of Chlorella. 

Cells were grown in a continuous culture apparatus (Myers and Clark, 1944) 
under conditions optimal for growth. Carbon dioxide was provided by bubbling a 
3.5 per cent CO,-in-air mixture through the algal suspension; temperature was main- 


tained at 39°C; light intensity from tungsten bulbs as measured on the surface of 
the growth chamber was near 400 foot candles? Density of the algal suspension 


1 Public Health Service Special Research Fellow. 
2 Because of the differences in the geometry of illumination, in the thickness of the 
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was kept at about one mm? packed cell volume per one ml of suspension. A liter 
of eulture medium contained the following salts measured in grams: KNO, — 1.25, 
KH,PO, — 1.25, MgSO, : 7H,0 — 1.00, CaCl, — 0.0835, H,BO, — 0.1142, FeSO, 
- 7H,0 — 0.0498, ZnSO, : 7H,0 — 0.0882, MnCl, : 4H,0 — 0.0144, MoO, — 0.0071, 
CuSO, - 5H,0 — 0.0157, Co(NO;)2 * 6H,0 — 0.0049, ethylenediaminetetraacetic acid 


(as a chelating agent) — 0.5. The pH of the medium was 6.8. 


To obtain necessary amount of cells in a predetermined developmental stage a 
synchronization technique was used. Cell suspensions were grown under diurnally 
intermittent illumination: 9 hours’ light and 15 hours’ dark. Under the conditions 
employed in these investigations, 9 hours of illumination proved to be sufficient 
for a small daughter cell to grow into a large mother cell ready to divide into a 
number (mostly 16) of daughter cells. The liberation of daughter cells from the 
mother cell wall took place usually soon after transferring cell suspensions into the 
dark. The cells were prevented from growing as long as they were kept in darkness. 
After 3—4 cycles of the light: dark regimen an algal population contained at the 
end of a dark period up to 99 percent of the cells as small autospores. As soon as 
the cells were transferred into light they started their development and passed the 
developmental stages more or less simultaneously. The developmental stages of cells 
are designated in this paper as time, in hours, passed from the start of the cell 
development (start of illumination) until the moment of harvesting cells from the 
growth chamber. 


Photosynthesis studies were done with manometric technique using one of the 
following suspending fluids: 1) three salt solution of the composition: KNO, — 
0.01 M, MgSO, : 7H,0 — 0.004 M, KH,PO, — 0.02 M, pH of the medium — 4.5; 
2) phosphate buffer — 0.02 M KH,PO,, pH — 4.5; 3) Warburg carbonate-bicarbo- 
nate buffer no. 9, pH — 9.3. At pH 4.5 either the indirect two vessel method or the 
abbreviated one vessel method was used. Vessels of uniform capacity of about 9 ml 
were employed. In the two vessel method each member of the pair received the same 
amount of cells suspended in four ml of fluid in one vessel and in two ml of the fluid 
in the other vessel. In the one vessel method 4 ml of algal suspension were used 
and an assimilatory quotient determined by special measurements was employed 
in calculations of the rate of photosynthesis. No correction for respiration was made. 
The presented data are, therefore, those for apparent photosynthesis. 


Vessels filled with the algal suspensions at pH 4.5 were gased with 5.5 per cent 
CO,-in-air mixture and shaken in the bath at 39°C. The light saturated rate of 
photosynthesis was measured at light intensities above 2,000 foot candles. The points 
on the light intensity curves below light saturation were obtained by attaching 
neutral filters of known transmitting capacity to the bottoms of the reaction vessels. 


Results 


In Figures 1 and 2 the course of photosynthesis is presented as dependent 
on the developmental stage of the cells. The general picture is that at the 


layer of the algal suspensions, and in the properties of glass containers this light intensity 
is not directly comparable to that used in the manometric experiments, 


Physiol. Plant., 10, 1957 


PHOTOSYNTHETIC ACTIVITY IN CHLORELLA 661 


Figure 1. Rates of apparent photosynthesis in | 
mm Oz or CO2/mn® packed cells and hr. for 
cells of successive developmental stages of 
C. pyrenoidosa, strain 7—11-—05. Circles — 
oxygen evolution, triangles — carbon dioxide 
consumption; open symbols — measurements 
in three salt suspending fluid (KNO3 — 0.01 M, 
MgSO4 - 7H20 — 0.004 M, KH2PO: 0.02 M, 
PH — 4.5), closed symbols — measurements 
in phosphate buffer — 0.02 M KH2PO4, pH — 
4.5. All measured by indirect two vessel me- 
thod. 


a 
Oo 


RATE OF PHOTOSYNTHESIS 


start of cell development the rate of photosynthesis is low. It increases steadily 
with the progress in cell development, reaches under conditions of these 
investigations a peak in about 3—4 hours and then starts to decline. 

Figure 1 shows that the course of events is similar for both CO, consump- 
tion and O, evolution and in both nitrogen containing and nitrogen free 
media. Due to the reduction of nitrate, assimilatory quotient (CO./O,) is 
lower in nitrogen containing medium (Myers, 1949) and this probably 
explains minor differences in the shape of the curves in these two media. 
By the time of division, photosynthetic activity of cells reaches its lowest 
value. Microscopic examinations show that if such cells are placed in the 
dark the cell divisions are accomplished in most cells in about 4—5 hours. 
In Figure 2 the picture presented in Figure 1 is extended to include the events 
taking place in small daughter cells kept in dark. As long as these cells are 
prevented from growing the rate of photosynthesis remains more or less 


ae 


50 


Figure 2. Rates of apparent photosyn- 
tesis in mm? Os/mm? packed cells and 
hr. for cells of successive developmental 


stages of C. pyrenoidosa, strain 7—11— 
05. Suspending fluid — three salt solu- 
tion (KNO3 — 0.01 M, MgSO4-7H20 — 
0.004 M, KH2PO4 — 0.02 M, pH — 4.5). 
Measurements by abbreviated indirect 


w 
Le] 


S 
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RATE OF PHOTOSYNTHESIS 


© 

Le] 
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one vessel method. Assimilatory quo- 
tient (COs/Osa) used in calculations: for 
0 and 1 hour cells — 0.81, for other 
L nz _} cells — 0.98. 


Lights off Lights on 
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180 
160 
Figure 3. Rates of apparent photosyn- 
0" thesis in mm? Os/mm? packed cells and 
© 120 hr. as dependent on light intensity du- 
ze ring photosynthesis measurements of 
5 C. pyrenoidosa, strain 7—11—05. Sus- 
& 59 pending fluid — three salt solution 
8 60 (KNO3 — 0.01 M, MgSO4 - 7H20 — 0.004 
< «ol M, KH>PO4 — 0.02 M, pH — 4.5). Closed 
symbols — zero time cells (from dark), 
En open symbols — cells three hours old. 
ou— N : Abbreviated indirect one vessel method. 
o 400 800 1200 1600 2000 2400 


FOOT CANDLES 


stable and low. Measurements for cells kept in darkness for 5, 14/2 and 15 
hours show practically the same rate of photosynthesis. 

The most pronounced difference in photosynthetic activity is that between 
small cells just at the beginning of cell development and those 3—4 hours 
old. In Figures 3 and 4 this basic difference is described by light intensity 
curves obtained for these two kinds of cells in low pH (Figure 3) and high 
pH (Figure 4) media. 

As is generally the case the photosynthetic rate in Chlorella is lower at 
higher pH in Warburg buffers than at lower pH. But in both media the 
difference between photosynthetic capacity of these two kinds of cells remains 
pronounced. In cells 3—4 hours old the photosynthetic rate is roughly two 
times higher than that in zero time cells. An attempt to measure the de- 
pendence of the photosynthesis rate on light intensity in cells 9 hours old 
produced a curve similar to that presented in Figure 3 for zero time cells as 
might be expected from examination of Figures 1 and 2. 

The course of changes in photosynthetic activity during cell development 


Le 
Figure 4. Rates of apparent photo- LES — 
synthesis in mm? Os/mm? packed 
cells and hr. as dependent on light 
intensity during photosynthesis mea- 


surements of C. pyrenoidosa, strain 


a 
Oo 


ro) 
© 
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= : EAN kg 60} 

7—11—05. Suspending fluid — War- 

burg buffer no. 9, pH — 9.3. Closed 40 
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Figure 5. Logarithms of the values for metabolic 
and cellular characteristics per cell of C. pyre- 
noidosa, strain 7—11—05, as they change during 
the life cycle. Open circles — glucose respiration, 
closed circles — endogenous respiration, open 
triangles — chlorophyll content, closed triangles 
— dry weight, crosses — apparent photosyn- 
thesis, stars — cell volume. 


was compared with that of some other cellular characteristics. This was done 
on a one cell basis. During first 8—9 hours of cell development such cellular 
characteristics as cell volume, dry weight of a single cell, chlorophyll con- 
tent, and respiration activity change exponentially. Logarithms of the values 
of these characteristics as they change in the course of cell development, if 
plotted against the cell age usually produce straight lines (Figure 5). 

This general observation does not hold true for endogenous respiration 
and for photosynthesis. In the case of endogenous respiration this was 
apparently due to a very low endogenous respiration rate of the small cells 
from the dark (Sorokin and Myers, 1957). If slopes of the curves in Figure 5 
are measured in terms of the increase in units of log,, per hour of cell devel- 
opment then values (a) are obtained presented in Table 1. 

As can be seen most of the cellular characteristics keep pace with each 
other as a cell progresses in its development. Photosynthesis is the exception. 


Table 1. Rates of change (a) in metabolic and cellular characteristics in the course of cell 
development of Chlorella pyrenoidosa - strain 7—11—05. 


Characteristics « in log,,/hr. | Time interval hrs. 
MENA Wels teeter necks toes 0.165 0—9 
Cell cvolume Muse ses sek. 0.144 0—9 
| Chlorophyll content . .... 0.140 0—9 
Endogenous respiration .. 0.153 1-—8 
Glucose à Se 0.141 0—8 
' Apparent photosynthesis 0.197 0—3 
25 x 0.100 5—8 
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The rate of the increase in the photosynthetic activity during the first three 
hours of cell development surpasses that of the other cell characteristics, and 
is twice as high as the increase in the photosynthetic activity of the cell at 
a later stage of cell development, between 5 and 8 hours. 


Discussion 


Changes in photosynthetic activity during the life cycle of algal cells were 
also observed by Neeb (1952) in the green colonial alga, Hydrodictyon, and 
by Nihei et al. (1954) in Chlorella ellipsoidea. However, the initial rise in the 
photosynthetic activity of the cell during the first phase of life cycle was not 
recorded in either of these papers. Neeb did not observe the phenomenon 
probably because he failed to measure photosynthetic activity during the first 
two days of cell development. The absence of the rising portion of the curve, 
from that presented by Japanese workers is evidently due to the fact ihat 
the zero point on their curve does not correspond to the zero point of cell 
development. To synchronize cells in their development they grew algal 
suspension first at 25°C and light intensity of 6,000 lux, then reduced light 
intensity to 200—400 lux. After being kept at low light intensity for 7 days 
the algal population was composed of 90—95 per cent of what they call 
“dark” cells. According to the earlier terminology proposed (Tamiya et dl. 
1953) these cells evidently were similar in their properties to what they called 
“active dark” cells which had a higher photosynthesis rate than “nascent 
dark” cells (Tamiya et al. 1953). 

An even more important detail of the technique used by Nihei et al. (1954), 
was that after synchronization cells were transferred from 25°C to 15— 16°C 
at which temperature the events characteristic of the life cycle were allowed 
to take place. Photosynthesis measurements, however, were done at 25°C. 
Myers (1946) was able to show that culture conditions, light intensity in 
particular, greatly affect the results of subsequent measurements of the rate 
of photosynthesis. Our observations (Sorokin, 1956) indicate that tempera- 
ture at which cells are cultured is at least as important as light intensity in 
affecting photosynthetic capacity. It is obvious that the effect of the change 
from the culture temperature of 15—16° C to the manometric bath tempera- 
ture of 25°C in the experiments of Nihei et al. (1954) was superimposed on 
the changes in photosynthetic activity during the life cycle of the cells caused 
by passing from one developmental stage to another. 

This change in temperature might account for certain peculiarities of the 
curves presented by Nihei et al. (1954) and particularly for one of their most 
striking observations. The rate of photosynthesis in their experiments was 
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constantly decreasing during the life cycle irrespective of whether the rate 
was referred to a unit of dry weight of cells or to a unit number of cells. 
During the 28 hour period of their observations the average cell volume 
increased about 31/2 times and at the same time the rate of photosynthesis 
per cell decreased more than 2 times for O, production and more than 6 
times for CO, consumption. Our observations (Figure 5) show that the O, 
production per cell increases as long as the cell is normally growing in light. 
There is no evidence that the same course of events would be traceable had 
the temperature conditions not been changed during the experiments of Nihei 
et al. (1954). The importance of cultural conditions, and in this particular 
case of the technique of synchronization, in studies of cellular and metabolic 
characteristics cannot be too strongly overemphasized. 


Summary 


Cells of the high-temperature strain of C. pyrenoidosa were synchronized 
in their development by intermittent light: dark illumination. The rate of 
photosynthesis, as it changes in the course of cell development, was studied 
with the manometric technique and compared with the rate of the increase 
in cell volume, dry weight, chlorophyll content, and respiratory activity. The 
lowest photosynthetic rate was observed in small daughter cells at the start 
of the life cycle of Chlorella. As the cell grows the rate of photosynthesis 
increases, reaches a peak after 3—4 hours, and then declines to reach the 
lowest value at the time of cell division. Calculated on a one cell basis the 
rate of the increase in photosynthetic activity during the first 3—4 hours of 
cell development surpasses the rates for the increase in cell volume, dry 
weight, chlorophyll content, and respiratory activity and is twice as high 
as the photosynthetic rate during the closing period of cell development. 


The author wishes to acknowledge his indebtness to Dr. Jack Myers of Austin, 
Texas, in whose laboratory the experimental part of the work was conducted and to 
Dr. Robert Krauss of College Park Maryland, for reading the manuscript. 

The investigation has been aided by grants from the Carnegie Institution of 
Washington, and the Rockefeller Foundation. 
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La diphénylamine (DPA) est un puissant inhibiteur de la biosynthese des 
carotenoides. Les premiers résultats, obtenus avec une Bactérie chromogene, 
Mycobacterium phlei (Turian 1950, 1951), ont été rapidement étendus aux 
Champignons Mucor hiemalis et Allomyces javanicus (Turian 1952). 

Divers chercheurs ont confirmé l’action anticaroténogène de la DPA chez 
d’autres microorganismes tels que des Champignons: Phycomyces blakeslee- 
anus (Goodwin 1952, Mackinney et coll. 1953, Burnett 1956), Pilobolus (Page 
1956), Blastocladiella (Cantino et Horenstein 1956) et des Bactéries: Rhodo- 
spirillum rubrum (Goodwin et Osman 1953), Chromatium sp. (Goodwin et 
Land 1956 a), Chlorobium sp. (Goodwin et Land 1956b), Mycobacterium 
phlei (Goodwin et Jamikorn 1956), une Myxobacterie (Kühlwein 1953). En 
revanche, la DPA n’exerce pas son action inhibitrice sélective de la caroténo- 
genèse chez certains organismes chlorophylliens tels que Chlorella vulgaris 
(Goodwin 1954), Euglena gracilis v. bacillaris, Haematococcus pluvialis 
(Goodwin et Jamikorn 1954 a et b) et Rhodopseudomonas spheroides (Good- 
win, Land et Osman 1955). 

La mise en parallèle des propriétés antioxydantes et anticaroténogènes de 
la DPA, d’une part, et des considérations théoriques sur le degré de saturation 
de la mclécule polyénique, d’autre part, nous avaient conduit à supposer 
que la DPA bloquait la transformation polyènes incolores > polyenes colorés 
(Turian 1950). En fait, une notoire accumulation de phytofluène (polyene 
incolore, fluorescent) a été observée aussi bien chez Mycob. phlei (Turian et 
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Haxo 1952, Goodwin et Jamikorn 1956) que chez Phycomyces (Goodwin 
1952), Allomyces javanicus (Turian et Haxo 1954) et les autres organismes 
DPA-sensibles (Goodwin 1956) traités avec l'inhibiteur. 

Pour le physiologiste, la DPA constitue un efficace inhibiteur sélectif lui 
permettant de disséquer la relation souvent frappante entre la synthèse des 
caroténoïdes et la morphogenèse des organes reproducteurs chez les Plantes, 
les Champignons en particulier. La présente étude rapporte les résultats des 
expériences que nous avons réalisées dans ce sens, tant avec Allomyces (mor- 
phogenese sexuelle) qu'avec Neurospora (morphogenèse asexuelle). 


A. Diphénylamine et morphogenèse sexuelle chez Allomyces 


Dès 1952, nous avons pu montrer que l'inhibition de la caroténogenèse 
dans le gamétange mâle d’Allomyces macrogynus Emers. (ex. A. javanicus 
Kniep) n’entrave ni la différenciation de cet organe ni la copulation sub- 
séquente des gamètes mâles rendus incolores (motilité un peu réduite) avec 
les gamètes femelles normalement achromes (Turian 1952). Par la suite, 
nous avons montré que 1/160.000° de DPA provoque une réduction de 95 °/o 
des caroténoïdes (y-carotène), avec accroissement corrélatif du taux des 
polyènes incolores (phytofluène, etc.) (Turian #t Haxo 1954). 

Ces résultats, s'ils révélaient clairement l’absence d’une relation nécessaire 
entre l’étape finale de la caroténogenèse (étape chromogénique) et la morpho- 
genèse sexuelle d’Allomyces, n’excluaient cependant pas l’existence vraisem- 
blable d’un lien plus profond entre cette dernière et les étapes initiales de la 
biosynthèse des caroténoïdes. 

La localisation exclusive de cette biosynthèse dans le gamétange mâle est 
l'expression visible d’une orientation particulière du métabolisme, réservée 
à la portion de mycélium (apicale chez A. macrogynus, subapicale chez 
A. arbusculus) se différenciant dans le sens mâle. L’inhibition complète de 
celte synihese provoquera une perturbation de ce métabolisme particulier et 
conduira, non seulement à la disparition de son expression colorée (caro- 
ténoïdes), mais aussi de son expression morphologique (gamétange mâle). 

Nous avons donc cultivé la phase gamétophytique d’Allomyces macrogynus 
sur milieu amidon-extrait de levure gélosé, selon des conditions déjà décrites 
ailleurs (Turian et Haxo 1954) mais en utilisant de plus fortes doses de DPA 
qu'auparavant. 

Avec 1/60.000° de DPA, nous touchons à la dose limite compatible avec 
une faible croissance du mycélium gametophytique (inoculum provenant 
d’une culture sur 1/120.000° de DPA). Dans ces conditions, le mycélium et 
les gamélanges qu'il différencie sont d'un blanc pur contrastant avec la 
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Figure 1. a. Rameau de gamétophyte d’Allomyces macrogynus Emers., cultivé 25 j. en 

présence de DPA 1/60.000. A gauche, un couple normal (épigynie) a pu se différencier; 

a droite, un gamétange femelle isolé; au centre, un sporange de résistance immature. — 

b. Même culture sur DPA 1/60.000: gamétanges femelles isolés à l’apex des hyphes. Micro- 
photos prises «in vivo» (O-lux Leitz, X 240). 


teinte blanc crème des cultures sur 1/120.000° de Vinhibiteur. Les tests d’ex- 
traction acétonique confirment Vabsence des polyènes colorés et la présence 
de traces seulement de polyenes incolores. L’examen microscopique de ces 
cultures achromes nous a permis d’observer que l’inhibition drastique de la 
caroténogenèse entraîne une inhibition parallèle de la différenciation des 
gamétanges mâles, se traduisant par une nette restriction du nombre de 
couples normaux de gamétanges mâles et femelles superposés. La fig. La 
montre un couple normal (gamétange mâle épigyne) ayant réussi à se diffé- 
rencier aux côtés d’un gamétange femelle isolé. De nombreux hyphes fertiles 
se terminent ainsi par un unique gamétange (fig. 1 b) dont le sexe femelle 
se traduit par le diamètre des couronnes de granules lipidiques (voir Chodat 
et Turian 1955) de leurs gamètes en voie de différenciation. Nous n'avons 
que rarement pu observer la libération de ces derniers. 

En connexion avec ces résultats, signalons que Cantino et Horenstein (1956) 
ont récemment inhibé avec la DPA la caroténogenèse des thalles de type O 
(orange) d’un mutant de Blastocladiella emersonü. Cette inhibition s’accom- 
pagnerait d’une augmentation du nombre des particules Nadi+ (facteur cyto- 
plasmique y?) dans les thalles devenus incolores, lesquels ne se distingue- 
raient donc plus des thalles normalement achromes (type OC de la forme 
sauvage). Rappelons aussi que Cantino considère la caroténogenèse des for- 


1 La DPA provoque aussi l’inhibition sélective de la différenciation des gamétanges 
mâles chez l'espèce hypogyne, Allomyces arbusculus. 
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mes O comme résultant d’une déficience de fonctionnement du cycle des 
acides tricarboxyliques, conséquence d’une carence en certaines oxydases 
(Cantino et Hyatt 1953). La caroténogenèse représenterait donc une sorte 
de «voie de dégagement» des molécules inutilisées par un cycle de Krebs 
déficient. Ajoutons que tant chez Allomyces (gamétanges mâles) que chez 
Blastocladiella (thalles O), il pourrait paraître difficile de concilier la possi- 
bilité d’une déficience oxydative, génératrice d’une accumulation de précur- 
seurs (acétate, etc.) des caroténoïdes, avec la nécessité d’une oxydation subsé- 
quente de ces précurseurs lors de leur polymérisation en caroténoïdes. Néan- 
moins, il est vraisemblable que les enzymes oxydants ne sont pas les mêmes 
dans les deux cas. 

A la lumière de ces données nouvelles, nous pouvons penser que Vinhibi- 
tion sélective de la différenciation des gamétanges mâles d’Allomyces par de 
fortes doses de DPA résulte, pour une part tout au moins, des modifications 
imposées au métabolisme particulier de ces organes par suite de l'arrêt brutal 
de la caroténogenèse considérée comme «voie de dégagement» d’un cycle de 
Krebs déficient. 

Quant à la dérivation des précurseurs de la caroténogenèse vers les poly- 
ènes incolores, observée dans les cultures DPA d’Allomyces (Turian et Haxo 
1954), nous ne pouvons toujours pas exclure qu'elle n’ait pas déjà lieu nor- 
malement dans les gamétanges femelles incolores. Ce point pourrait être 
eclairci avec Blastocladiella dont, à l'opposé d’Allomyces, les organes in- 
colores (équivalents des gamétanges femelles) et les organes orangés (équi- 
valents des gamétanges mâles) sont portés par des thalles distincts. 


B. Diphénylamine et morphogenèse asexuelle chez Neurospora 


Pour faire suite aux expériences réalisées sur un Phycomycéte, l’Allo- 
myces, nous rapporterons ici quelques recherches réalisées avec un Asco- 
mycète, le Neurospora crassa (Haxo et Turian 1952). 

Les caroténoïdes de la «Moisissure rouge» sont bien connus (Haxo 1949, 
Zalokar 1954). Les conidies du type sauvage sont plus fortement pigmentées 
que le mycélium végétatif; elles sont particulièrement riches en caroténoïdes 
acides et en spirilloxanthine (Zalokar 1954). II ne semble cependant pas y 
avoir une relation indispensable entre la formation des conidies et la caro- 
ténogenèse. Des mutants albinos peuvent différencier des conidies (Hungate 
1945) et le mycélium immergé, dépourvu de conidies, synthétise des caroté- 
noides (Zalokar 1954). 

Cependant, la prédominance des caroténoïdes acides et des oxycaroténoides 
dans les conidies de Neurospora est révélatrice d’un changement de méta- 
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Figure 2. Vitesse de croissance de Neurospora crassa (type sauvage) mesurée par la 
«methode des tubes», en absence (T) et en présence de diverses concentrations de diphenyl- 
amine (DPA). 
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bolisme en rapport avec la différenciation de ces organes. Or, nous savons 
déjà que c’est la formation des oxycaroténoides (xanthophylles acides) qui, 
chez Mycob. phlei, est la plus sensible à l’action inhibitrice de doses modé- 
rées de DPA (Turian, 1950). On pouvait dès lors s’attendre à ce que, chez 
Neurospora traité à la DPA, la synthèse des oxycaroténoides soit fortement 
éprouvée, avec inhibition corrélative de la différenciation des conidies. C’est 
ce que nous ont confirmé les recherches rapportées ci-dessous. 

Neurospora crassa «wild type a» a été cultivé sur milieu minimal de Fries 
(nitrate-sucrose 2 °/o-agarisé à 2 °/o; 5 ug biotine/litre). 

C’est avec ce milieu que nous avons tout d’abord étudié l’action de la DPA 
sur la vitesse de croissance du Neurospora, à l’aide de la «méthode des 
tubes» de Ryan et coll. (1943). La DPA a été stérilisée avec le milieu réparti 
dans les tubes. La vitesse de croissance a été exprimée en mm. de distance 
(cumulative) parcourue par le front de croissance mycélienne. Voici les résul- 
tats obtenus à 30° C (à l'obscurité sauf brèves expositions lors des mesures) 
(fig. 2). 

On peut calculer que la vitesse de croissance passe de 4,8 nım./heure dans 
les tubes témoins à 3,2 mm./h. en présence de 1/80.000 de DPA (réduction 
1/3), à 2,1 mm./h. avec 1/50.000 DPA et 1,3 mm./h. avec 1/40.000. Avec 
1/35.000° de DPA (valeur de saturation), la croissance est presque nulle. 
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L’addition de Fe*? (sulfate) à 0,2 mg./l. n'a pas modifié sensiblement la 
vitesse de croissance de la culture témoin. Par contre, la combinaison Fet2- 
DPA 1/40.000 a nettement renforcé l’action freinatrice de Vinhibiteur, la 
vitesse de croissance tombant dans ce cas à 1 mm./heure. 

Après exposition à la lumière, les cultures témoins présentent d'importants 
amas de conidies rouge orange, tant au début qu'à l'extrémité du tube. Sur 
1/40.000 DPA, seules quelques conidies blanc jaunâtre se sont formées autour 
de l’inoculum alors que sur 1/80.000 DPA, les conidies y sont jaune orangé 
au début et blanches (jeunes conidies) sur le front mycélien proche de l'extré- 
mité du tube. 

Ces premières données sur la toxicité de la DPA à l'égard de la croissance 
de Neurospora à la surface d’un milieu solide ont été ensuite transposées à 
des cultures sur le même milieu mais liquide. 


Les Erlenmeyers de 125 ml., contenant 20 ml. de milieu de Fries minimal, ont 
été inoculés avec une anse de platine chargée de conidies prélevées sur une sub- 
culture âgée de 5 j., sur le même milieu mais agarisé. Les cultures ont été maintenues 
4 j. à 30° C, à l'obscurité. Elles ont ensuite été placées sous la lumière de tubes 
fluorescents (photo-activation de la chromogenèse selon Went, 1904), 6 heures avant 
les observations rapportées plus bas. Les mycélias ont été recueillis sur entonnoir 
de Büchner, lavés à l’eau bouillante et essorés sur le filtre. Les «gâteaux» mycéliens 
ont alors été placés sur une plaque poreuse et desséchés sous vide (sur CaCl,) pen- 
dant 24 h. au moins, à 50° C. Après détermination de leur poids sec. ils ont été 
broyés avec de l’acétone en présence de sable de quartz. Les extraits acétoniques 
réunis ont été agités avec de l’éther de pétrole qui recueille la totalité des pigments. 
L’extinction photométrique (Beckman) des divers extraits éthéropétroliques (pré- 
alablement concentrés sous vide au volume de 25 ml) a été mesurée au maximum 
d'absorption des caroténoïdes totaux de Neurospora crassa, soit à 459 mu (maximum 
d'absorption du y-carotene). La teneur des mycélias en caroténoïdes totaux a été 

a1 0 


calculée à l’aide de la valeur E, oe =2760 du y-caroténe (Zechmeister 1944) et rap- 
portée 4 100 g. de poids sec de mycélium. 


Les résultats, obtenus à la suite de plusieurs séries d’essais, ont été con- 
signés dans le tableau suivant: 


Tableau 1. 


| ar Sen “Fe he 0.2 mg./l. Fe+? 2 mg.]l. 

| Poids sec Carotén. Poids sec | Carotén. | Poids sec Carotén. 
| mg. mg. % mg. | me. mg. mes 
eras : | 

i emoins EE. cu 35 +- 5 | 39 + 4 78 + 6 | 36 + 2 75 3 29 2 
DPA 1/40.000 27+2 | 4+1 60 ay 4 3 +-1 ce Se 

| DPA 1/80.000 37 +5 | 31 +2 79 + 2 3 +1 71+3 2+1 
| DPA 1/160.000 34 + 4 | 36 + 2 79 +1 25 +3 79 + 3 19 + 2 


1 Fe*? absent de la solution d’éléments-traces de Fries. 
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Il est nécessaire de souligner que les valeurs concernant les caroténoïdes 
totaux sont certainement trop faibles en ce qui concerne les mycélias cultivés 
en présence de fer, lesquels sont plus riches en caroténoïdes acides difficile- 
ment extractibles. 


La lecture du tableau ci-dessus montre clairement que la DPA n’exerce 
qu'une action inhibitrice faible (1/40.000) ou nulle (1/80.000) sur la crois- 
sance (récolte) de Neurospora en milieu liquide, contrastant avec la nette 
action freinatrice qu’elle exerce sur la croissance du mycélium progressant 
sur milieu solide. En milieu liquide, tout se passe comme si l’absence ou la 
raréfaction du mycélium aérien et des conidies provoquée par la DPA (voir 
plus bas) était compensée par une croissance végétative accrue du mycélium 
immergé. Ce dernier est presque totalement dépourvu de caroténoïdes (voir 
plus bas le tableau des analyses), ce qui traduit bien l'efficacité de l’action 
anticaroténogène de la DPA. A cet égard, la dose de 1/40.000° de DPA s’est 
révélée la plus efficace en l’absence de fer (aux impuretés près). Par contre, 
au 1/80.000°, la DPA n'est efficace qu’en présence de fer (voir plus bas, 
mécanisme d’action de l’inhibiteur). 


Il est d’autre part frappant de constater le parallélisme entre l’inhibition 
des caroténoïdes et la réduction du nombre des conidies. Ainsi, en présence 
de DPA 1/40.000, avec ou sans fer, le mycélium reste stérile, immergé et 
d’un blanc pur. Seules de rares conidies incolores se différencient sur les 
zones émergées de la masse mycélienne blanche croissant dans le milieu 
DPA 1/80.000+fer. En présence de DPA 1/80.000 seule, on note par contre 
un développement plus vigoureux du mycélium aérien porteur de conidies 
rose jaunâtre. Enfin, les cultures témoins, spécialement en présence de fer, 
portent de gros amas de conidies rouge orange. Notons enfin qu’à la dose 
sus-optimale de 2 mg./l., le Fe*? réduit la production des caroténoïdes (neu- 
tres) et renforce aussi sensiblement l’action anticaroténogène de la DPA. 


L'analyse chromatographique détaillée des extraits éthéropétroliques de 
thalles frais de Neurospora, cultivés dans de plus grandes quantités de milieu 
minimal de Fries liquide, avec et sans DPA mais en présence de fer, a permis 
de confirmer les travaux de Goodwin (1952) et de Turian et Haxo (1954) 
sur l’accumulation des polyénes incolores dans les thalles fongiques traités 
à la DPA. Elle a surtout permis de montrer que la production du phytoene 
(hexadéca-hydrolycopène), déjà très notable dans les thalles témoins (fig. 
4 a), est presque doublée en présence de DPA (Haxo et Turian, 1952). Ces 
résultats étant restés inédits, nous jugeons bon d’en donner ici l'essentiel 
condensé dans le tableau ci-dessous: 
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Tableau 2. Polyènes élaborés par Neurospora crassa. Cultures de 6 j. à 30°C (obscurite 
puis 6 h. de lumiere). 


FE EEE EET) 


Polyenes ! Fe+? 0.2 mg./l. Fe+? 0.2 mg./l. 

(mg./100 g. poids sec) — DPA 1/80.000 
Phvioëne te Peer fer CR 9.0 + 2 | 17.6 + 1.5 
Phytofltènem terre rer der er 0.35 | 0.52 
P-CAT OLN CR EP CR ects traces traces 
cCATOLENE AS eee dois ies 0.4 
vV-CATOLEN CES. Mere fois choc 1:2 0.2 
Neurosporenersm a ee 1.4 i 0.2 
Lycopène-Spirilloxanthine ..... 6.0 traces 
Caroténoides acides ........... 23.0 + 2 traces 


1 Par ordre d’élution sur MgO-celite (1 : 1). 


Le fait le plus saillant ressortant à l'examen du tableau 2 est l’inhibition 
presque totale des caroténoïdes acides et de la spirilloxanthine dans les thalles 
traités à la DPA chez lesquels nous avions relevé plus haut l’absence de 
différenciation conidienne. 

L’accumulation de fortes quantités de phytoène (pour sa pollution éven- 
tuelle par des traces de DPA, voir plus bas), contrastant avec la faible con- 
centration du phytofluène, doit également être soulignée. 


Mécanisme d’action de la diphénylamine 


Des 1950, nous avions observé que l’addition de 0,1—1 mg. de Fe*?/100 ml. 
de milieu d’Ingraham et Steenbock+DPA 1/35.000, levait linhibition de la 
caroténogenèse chez Mycob. phlei (Turian 1950). Nous en avions conclu que 
la DPA se comportait en antioxydant, dérivant pour sa propre oxydation 
l’activité catalytique des traces de fer nécessaires à la biosynthése des caro- 
tenoides. Récemment, Goodwin et Jamikorn (1956) n’ont pu vérifier l’antago- 
nisme DPA-Fe*?/Fe*? chez Mycob. phlei. La composition du milieu de cul- 
ture utilisé par ces auteurs (trop riche en phosphates et citrate) laisse cepen- 
dant supposer une immobilisation des ions Fe‘? ajoutés (la faible récolte 
obtenue est caractéristique des milieux carencés en fer). 

On pourrait attribuer l’antagonisme DPA-Fe chez Mycob. phlei à une 
banale oxydation de la DPA dans le milieu de culture. Cette interprétation 
ne nous paraît pas soutenable car, dans les mêmes conditions et aux mêmes 
concentrations, l’activité anticaroténogène de la DPA est intégralement main- 
tenue, voire renforcée, chez Neurospora cultivé en présence de fer (voir 
plus haut). 

Cette apparente contradiction disparaît si l’on tient compte d’une particu- 
larité biologique des Mycobactéries, à savoir leur remarquable capacité d’oxy- 
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Figure 3. Oxydation de la cystéine par Fe*?/ 100 
Fe*, en absence (a) et en présence de DPA 

(b). Extinction colorimétrique (filtre vert) du 
complexe nitroprussiate-cystéine. 


0 12 24 36 48 MIN. 


dation des corps aromatiques (Saz et Bernheim 1942) et même des hydro- 
carbures (Söhngen 1913). Mycob. phlei doit donc être capable de provoquer 
la rapide bio-oxydation de la DPA en présence de traces de fer. Par contre, 
chez Neurospora, on peut concevoir que la bio-oxydation de la DPA, très lente 
en l'absence de fer (d’où faible action anticaroténogène de la DPA seule, selon 
tableau 1), est simplement accrue en présence de fer, d’où renforcement de 
l’inhibition compétitive vis-à-vis des précurseurs des caroténoïdes et forte 
action anticaroténogène (tabl. 1). 

La thèse de l’action antioxydante de la DPA (oxydation compétitive vis-à- 
vis du substrat) peut être corroborée par des expériences «in vitro». Nous 
rapportons ci-dessous l’un de ces essais: 

2 éprouvettes colorimétriques ont chacune été remplies avec le mélange suivant: 
5 ml. tampon phosphates, pH 7,2 (Sôrensen) ; 1 ml. sol. chlorhydrate de cystéine 1 °/o; 
0,5 ml. sol. nitroprussiate de Na à 1 °/o; 0,4 ml. sol. NaOH 5 °/o. L’éprouvette témoin 
reçoit encore 2 ml. H,0 distillée alors que la seconde reçoit 2 ml. sol. aqueuse 
saturée de DPA. Une première mesure colorimétrique est prise (Klett-colorimètre). 
Les deux valeurs d’E obtenues correspondent (temps O). On ajoute alors rapide- 
ment 0,1 ml de FeCl, 1 °/o à chaque tube, on agite vigoureusement et l’on reprend 
les valeurs colorimétriques d’E après des temps déterminés (fig. 3). 


Cette expérience, répétée plusieurs fois, nous a permis de confirmer l’action 
antioxydante de la DPA. Pour les fins de l'expérience «in vitro», la cystéine, 
facilement oxydée par les ions ferriques, remplagait les précurseurs saturés 
des caroténoïdes. Nous avions déjà réalisé une expérience analogue avec la 
benzidine comme substrat oxydable (Turian, 1950). Rappelons aussi que les 
propriétés de la DPA en font un indicateur d’oxydo-réduction apprécié (Kolt- 
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hoff et Sawer 1930) et qu’elle protège la chlorophylle de la photo-oxydation 
(Weber 1936), à l'instar du phénol et du résorcinol, autres inhibiteurs de la 
caroténogenèse (Turian, 1951). 

La thèse de l'oxydation compétitive implique la destruction progressive 
de l’antioxydant, la DPA. Tenant compte des propriétés physico-chimiques 
de cette molécule, à savoir sa forte liposolubilité et son extractibilité par les 
solvants organiques, nous avons cherché à détecter la DPA dans l’insaponi- 
fiable de Neurospora traité par la DPA 1/40.000+Fe*? 0,2 mg./l. Le test à 
l'acide nitrique (HNO, à 25 °/o), adapté d’après Thivolle et Sonntag (1939), 
dont la sensibilité permet, d’après nos essais préliminaires, de déceler encore 
20 y de DPA (coloration jaune brunâtre virant au bleu foncé avec des doses 
plus élévées de DPA) a été pratiqué sur le résidu d’évaporation de l’insaponi- 
fiable (fraction phytoénique), dans une petite capsule de porcelaine. Aucune 
coloration n’a pu être observée dans cette fraction (elle pouvait théorique- 
ment contenir au maximum 500 y de DPA correspondant à 1/40.000 DPA 
dans 20 ml. de milieu). 

La courbe d'absorption ultraviolette de la DPA présente un maximum à 
282 mu dans l’hexane. Goodwin (1952) a judicieusement fait remarquer que 
cette bande d’absorption pourrait bien perturber les mesures spectrophoto- 
métriques du phytoene dont le maximum d'absorption est à 285 mu (fig. 4) 
et fausser ainsi les données quantitatives concernant ce polyène incolore. La 
destruction oxydative de la DPA dans le mycélium de Neurospora, se tradui- 
sant par le test négatif à l’acide nitrique sur la fraction phytoénique (voir 
ci-dessus), tend à écarter la possibilité d’interference de l'absorption UV de la 
DPA avec celle du phytoène. Nous avons pu calculer que la quantité minima 
de DPA décelable avec HNO,, soit 20 u, dissoute dans 25 ml. d’hexane, n’aug- 
menterait absorption du phytoéne entre 280 et 285 mu que de 0,05 unités d’E 
(spectro-photométre de Beckman). Or cette quantité minima n’a pu étre 
décelée (voir plus haut). 

Dans cet ordre d'idée, une expérience encore plus décisive doit être signalée. 
Nous avons cultivé, dans les conditions habituelles, en absence et en présence 
de DPA 1/80.000+Fe*? 0,2 mg./l., le mutant albinos «15.300 a» de Neuro- 
spora crassa, caractérisé par son incapacité à réaliser la synthèse du phytoène 
(Haxo 1952). L’extraction et l’analyse des polyènes par les méthodes déjà 
décrites ont révélé l'absence d'absorption spécifique de l’insaponifiable 
élué à l’éther de pétrole pour séparer l’ergostérol — tant à 285 mu (phyto- 
ène) qu'à 282 mu (DPA) (fig. 4). 

Signalons enfin les intéressantes observations de Goodwin et coll. (1953) 
concernant la réversibilité de l’action anticaroténogène de la DPA chez Phyco- 
myces cultivé en présence d’adénosine monophosphate (AMP) ou de ribo- 
flavine. Ces observations laissent entrevoir la possibilité d'une interférence 
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Figure 4. Spectres d'absorption UV dans 
Uhexane purifié: (a) phytoéne de Neurospora (2 
crassa (type sauvage); (b) insaponifiable (élué 
par l’éther de pétrole de l’adsorbant MgO- 
celite) du mutant albinos «15.300 a» de Neuro- 
spora crassa; (c) idem mais cultivé sur milieu 
à la diphénylamine (DPA 1/80.000 +Fe). 0 
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supplémentaire de la DPA avec le métabolisme des phosphorylations oxyda- 
tives chez les Champignons. Mais l’absence de réversibilité par AMP tant 
chez Mycob. phlei (Goodwin 1953) que chez Rhodospirillum rubrum (Good- 
win et Osman 1953) nous incline à penser qu’il s’agit 14 d’une intervention 
subordonnée au mécanisme plus général de l’inhibition par la DPA de l’oxy- 
dation (deshydrogénation) des précurseurs isoprénoides en C5, préalable ou 
simultanée à leur polymérisation en polyénes en C5. 


Summary 


Morphogenesis of carotene-containing male gametangia of the gameto- 
phytic generation of Allomyces macrogynus and A. arbusculus is selectively 
disturbed by heavy, subtoxic doses of diphenylamine (1/60,000 DPA) which 
fully inhibit carotenogenesis. 

DPA-effects on growth, carotenogenesis, and conidial differentiation have 
been studied in Neurospora crassa. The rate of growth on Fries agar medium 
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(measured in growth tubes) is reduced 1/3 with DPA 1/80,000 and 3/4 with 
DPA 1/40,000. In Fries liquid medium, growth is less or not affected by 
similar doses of DPA. In these conditions, 1/40,000 DPA strongly inhibits 
biosynthesis of carotenoids but requires the additional presence of Fe*? for 
effective activity at the concentration 1/80,000. 

Conidial differentiation, normally accompanied by a prominent increase 
of the acidic carotenoids and the spirilloxanthin, is suppressed by 1/40,000 
DPA or 1/80,000 DPA+Fe which have an especially strong inhibitory effect 
on these “conidial oxycarotenoids”. A marked accumulation of phytoene has 
been detected in such sterile mycelia of Neurospora. 

Residual DPA has not been detected with the nitric acid coloration test in 
the phytoene fraction of wild type extracts. Moreover, phytoene and DPA 
are absent in the insaponifiable extract of an albino mutant of Neurospora 
crassa also grown on a DPA medium. These facts and the relation DPA—Fe 
point to a bio-oxidative destruction of DPA which might well act as an anti- 
oxidant progressively destroyed in preventing the oxidation of the precursors 
of the carotenoids. 


Nous remercions le Fonds national suisse de la Recherche scientifique de son 
appui financier pour les recherches sur la morphogenèse d’Allomyces. 

La majeure partie du travail sur Neurospora a été effectuée au Departement de la 
Biologie de la Johns Hopkins University et cela, grâce à la précieuse collaboration 
du Dr. F. T. Haxo que nous remercions vivement ici. 
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Einleitung 


Bei der Wuchsstoff-induzierten Wasseraufnahme einer Pflanzenzelle 
kommt der Zellwand zweifellos eine wesentliche Rolle zu. Dieses gilt sowohl 
für junge, noch in der Streckungsphase befindliche als auch für ausgewach- 
sene Zellen, die durch Wuchsstoff zu einer Wasseraufnahme angeregt werden. 

Eine solche Wasseraufnahme setzt das Vorhandensein einer Saugkraft der 
Zellen voraus, eines Diffusionsdruckdefizits zwischen der Vakuole und dem 
Wasser, das der Zelle durch die Gefässe und die Zellwandung zugeführt wird, 
beziehungsweise einem Aussenmedium, in das ein Gewebe im Zuge eines 
Experimentes gelegt wurde. 

Die erste Bedingung zur Bildung dieser Saugkraft ist ein Zellsaftraum 
(Vakuole) mit osmotisch wirksamem Inhalt. Ein so erstelltes Diffusions- 
druckdefizit muss aber bei erfolgender Wasseraufnahme in die Vakuole ab- 
nehmen und einem Diffusionsdruckgleichgewicht zustreben, sofern nicht der 
osmotische Wert des Zellinhaltes fortlaufend erhöht oder der Wanddruck 
verringert wird. 

Eine weitere Möglichkeit zur Erhaltung des Diffusionsdruckdefizits ist 
dann gegeben, wenn die Wand einem nur gering gesteigerten Binnendruck, 
der durch die Wasseraufnahme bedingt ist, nachgibt, d.h. sich plastisch aus- 
dehnt, ohne dass der Wanddruck sich dabei über ein bestimmtes Mass hin- 
aus weiter laufend erhöht und ein Absinken des osmotischen Wertes des 
Zellinhaltes durch Osmoregulation verhindert wird. Diese dritte Möglichkeit 
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ist natürlich nur denn gegeben, solange eine Zellwand leicht plastisch ge- 
dehnt werden kann; für junge wachsende Zellen kann dies zutreffen, für 
ausgewachsene Zellen wie Parenchymzellen scheidet diese Möglichkeit aus. 

In zahlreichen Untersuchungen (zuletzt von Ketellapper 1953 und Ordin, 
Applewhite und Bonner 1956) konnte eine Erhöhung des osmotischen Wer- 
tes der Vakuole im Verlaufe der Zellstreckung bei der Avena-Koleoptile nicht 
nachgewiesen werden. Man schloss daher auf eine Abnahme des Wand- 
druckes als Ursache für die Beibehaltung der Saugkraft der Zellen während 
ihrer Streckung. : 

Die Wirkung des Wuchsstoffes beim Streckungswachstum soll demnach 
in erster Linie in einer Veränderung des Wanddruckes durch eine Erhohung 
der Wanddehnbarkeit beruhen, wie es bereits Went (1928) postulierte und 
in der Folgezeit oftmals nachzuweisen versucht wurde. So tritt Ketellapper 
(1953) für eine Erhöhung der elastischen Dehnbarkeit der Zellwand durch 
Wuchsstoff ein; für eine Erhöhung der plastischen Dehnbarkeit, auf die seit den 
Untersuchungen von Heyn (1931) ein besonderes Gewicht gelegt wird. sprechen 
neuere Untersuchungen (Neely u. Mitarbeiter 1950, Kerr 1951, van Over- 
beek 1952, Carlier und Buffel 1955), die eine Beeinflussung der Enzymaktivi- 
tät innerhalb der Pektinsynthese der Zellwand durch Wuchsstoff aufzeigen. 
Danach wird also auf ein Eingreifen des Wuchsstoffes in den Stoffwechsel 
der Zellwand zur Aufrechterhaltung des Diffusionsdruckdefizits gefolgert. 

Der dritten von uns aufgezeigten Möglichkeit zur Aufrechterhaltung einer 
Saugkraft in wachsenden Zellen wurde bisher wenig Beachtung geschenkt, 
obwohl die hohe plastische Dehnbarkeit des Wandmaterials einer jungen 
Zelle niemals bestritten wurde. Allerdings muss in diesem Fall der wachs- 
tumsregulierenden Wirkung des Wuchsstoffes ein anderer Mechanismus als 
eine Wanddrucksverringerung zugeschrieben werden. 


Material und Methode 


Als Versuchsmaterial dienten 3 mm lange Koleoptilzylinder, die 2 mm unterhalb 
der Spitze aus 25—30 mm langen Avena-Koleoptilen herausgeschnitten waren. Das 
Primärblatt wurde dabei nicht entfernt. Die Avena-Koleoptilen waren bei 25° C 
gewässert mit dest. Wasser im Dunkelraum aufgezogen worden. Präparation und 
Messung der Zylinder erfolgten bei Tageslicht. 

Alle Versuchslösungen wurden mit bidest. Wasser angesetzt. Als Plasmolytikum 
zur Herstellung von Lösungen verschiedener Molarität kam D(—)-Mannit (Merck, 
Erg. B. 6) zur Anwendung, das, wie neuerdings Ordin und Mitarbeiter (1956) be- 
stätigen, nur sehr langsam durch das Plasma der Koleoptilzellen permeiert. Die 
Wuchsstofflösungen enthielten ß-Indolylessigsäure (IES) in allen Versuchen einheit- 
lich in einer Konzentration von 1 mg/L. 

Eine zunächst versuchte Bestimmung der Wasseraufnahme der Koleoptilzylinder 
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Abbildung 1. Längenänderung frisch 2 
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durch Wägung derselben, wie sie zum Teil von Ketellapper (1953) und neuerdings 
von Kobayski und Mitarbeitern (1956) durchgeführt wurde, musste wegen des dieser 
Methode naturgemäss anhaftenden Fehlers, der beim Abtrocknen der Zylinder vor 
jeder Wägung auftritt, aufgegeben werden. Als Mass für die Wasseraufnahme diente 
vielmehr wie üblich die Längenänderung der Zylinder. Ihre Bestimmung konnte aus 
ausseren Griinden nicht mit der vom Verf. (Pohl 1953) ausgearbeiteten Methode 
durchgefiihrt werden. Sie erfolgte vielmehr mittels Okularmikrometer, eine zwar 
nicht allzu genaue und umständliche Messweise, die aber den Vorteil in sich birgt, 
dass die nachstehenden Versuchsergebnisse von jedermann ohne grösseren appara- 
tiven Aufwand auf ihre Reproduzierbarkeit überprüft werden können. 

Eine Okulareinheit entspricht in den folgenden Versuchen 40 u. 


Bestimmung von Saugkraft, osmotischem Wert und Wanddruck bei Koleop- 
tilzylindern unmittelbar nach ihrer Isolierung aus der Koleoptile 


Zur Durchführung der gestellten Aufgabe war zunächst eine Bestimmung 
der Saugkraft der Koleoptilzellen erforderlich, die wir in unseren Versuchen 
als Versuchsmaterial verwandten. Wir bestimmten sie nach der Methode von 
Ursprung (1923). In je 10 ml verschieden abgestufte Mannitlösungen wurden 
jeweils 12 Koleoptilzylinder für 1 Stunde bei 25° C gelegt und ihre Längen- 
änderung in diesem Zeitraum gemessen. Abbildung 1 gibt das Ergebnis des 
Versuches wieder. 

Die Saugkraft der Zellen entspricht demnach dem Diffusionsdruck einer 
Mannitlösung von 0,32 Mol, also einem Druck von 8,24 Atm. Ferner gestattet 
dieser Versuch ebenfalls eine rohe Bestimmung des osmotischen Wertes des 
Zellinhaltes, denn, wie aus der Abb. 1 zu ersehen ist, tritt in den Aussen- 
lösungen mit 0,6 Mol und 0,7 Mol Mannit nur noch eine geringe Verkürzung 
der Koleoptilzylinder ein, während ihre Länge sich in schwächer konzen- 
trierten Lösungen proportional mit der Mannit-Konzentration ändert. Der 
Wanddruck der Zellen muss demnach in den Aussenlösungen zwischen 0,6 
und 0,7 Mol gleich Null werden, d.h. der grenzplasmolytische Wert der Zel- 


len liegt um 0,6 Mol. 
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Völlig gleiche Werte fand Ketellapper (1953, S. 415) für sein Versuchsmaterial, 
erheblich davon abweichende dagegen Ordin und Mitarbeiter (1956). Sie beobachte- 
ten nicht den scharfen Knick im Verlauf der Längenänderung bei 0,6 Mol, sondern 
zwischen 0,4 und 0,6 Mol einen gekrümmten Verlauf der Kurve, der keine Aussage 
über die Grösse des grenzplasmolytischen Wertes erlaubt. Auf plasmolytischem 
Wege bestimmten sie daher den osmotischen Wert der Parenchymzellen der Koleop- 
tile aus der Zellschicht unmittelbar unter der Epidermis und fanden bei einer 
Aussenlösung von 0,42 Mol 50 °/o der Zellen in dieser Schicht plasmolysiert. Auch 
wir haben in der gleichen Weise auf plasmolytischem Wege die gleiche Zellschicht 
unseres Versuchsmaterials auf ihren grenzplasmolytischen Wert untersucht. Ab- 
weichend von den Ergebnissen Ordins fanden wir in, 0,6 mol. Aussenlösung nur 
einige Zellen, in 0,65 mol. dagegen bereits alle Zellen plasmolysiert. Der grenzplas- 
molytische Wert für unser Material muss demnach um 0,6 Mol liegen, d.h. der 
Diffusionsdruck von Wasser gegenüber der Vakuolenflüssigkeit beträgt um 15,6 Atm. 
Aus dem Saugkraftswert (8,24 Atm.) und dem osmotischen Wert des Zellinhaltes 
(15,6 Atm.) errechnet sich für die Zellen eines frisch aus einer wachsenden Koleop- 
tile herausgeschnittenen Zylinders ein Wanddruck von 7,4 Atm. 


Änderung der Zellwandeigenschaften bei Koleoptilzylindern, die an 
einer Wasseraufnahme gehindert wurden 


Wenn wir dem Wuchsstoff, wie heute postuliert wird, ein Eingreifen in 
den Stoffwechsel der Zellmembran zuschreiben, dann müsste bei längerer 
Einwirkung des Wuchsstoffes auf Koleoptilzellen in einer Lösung, aus der 
sie aufgrund eines osmotischen Gleichgewichtes während der Wuchsstoff- 
inkubation kein Wasser aufnehmen können, bei nachträglicher Übertragung 
der Zylinder in Wasser ein stärkerer Wachstumseffekt erwartet werden, als 
bei kürzerer Inkubationszeit. Zur Überprüfung dieser Hypothese wurden 
Koleoptilzylinder nach ihrer Isolierung zunächst für 11/2 Stunden in eine 
0,35 mol. Mannitlösung gelegt, in eine Lösung, die eine etwas höhere Saug- 
kraft entwickelt als die Zellen der Koleoptilzylinder selbst. Während dieser 
Zeit kann einmal der in den Zylindern vorhandene Wuchsstoff verbraucht 
werden, zum anderen gleichen sich individuelle Saugkraftsunterschiede der 
einzelnen Zylinder weitgehend aus. Nach dieser Zeit wurde die Länge der 
Zylinder bestimmt. Darauf wurden je 12 Zylinder in Mannitlösungen gleicher 
Molarität (0,35 Mol) aber mit und ohne Wuchsstoff übertragen. Nach einem 
Aufenthalt von 1, 2, 3 und 4 Stunden wurden sie erneut gemessen und an- 
schliessend für eine Stunde in bidest. Wasser gelegt. Danach erfolgte eine 
weitere Längenbestimmung. 

In der 0.35 mol. Mannitlösungen trat keine Längenänderung der Koleop- 
tilzylinder ein, die ausserhalb des Fehlerbereiches unserer Methode lag. Auch 
eine gewisse Vergrösserung der Zylinder bei Zugabe von IES zur Mannit- 
lösung kann nicht als gesichert angesehen werden. Auf die Wiedergabe dieser 
Zahlenwerte wird daher verzichtet. 
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Abbildung 2. Der Wuchsstoffeffekt nach einer Inkuba- ,|____ BE 
tionszeit von 1—4 Stunden bei 0,35 Mol Mannit+1 mg/l 
IES auf eine folgende einstündige Streckung der Zylin- 
der in reinem Wasser. 
3 4STD. 


Nach Übertragung in reines Wasser zeigen dagegen naturgemäss die vor- 
her mit IES behandelten Koleoptilzylinder eine wesentlich höhere Streckung 
als die unbehandelten. Zur Erfassung dieses Wuchsstoffeffektes wurde der 
Quotient gebildet: 


Streckung der vorher mit IES behandelten 
Streckung der vorher nicht mit IES behandelten 


Q= Koleoptilzylinder 


Diese so berechneten Wuchsstoffeffekte in Abhängigkeit von der Einwir- 
kungszeit sind in Abbildung 2 wiedergegeben, wobei jeder Wert das Mittel 
aus drei Versuchen mit je 12 Koleoptilzylindern darstellt. Es zeigt sich nun 
uberraschenderweise entgegen unserer Erwartung, dass trotz der längeren 
Einwirkung der Wuchsstoffeffekt auf die Streckung der Zylinder in Wasser 
nach 4 Stunden Aufenthalt in einer 0.35 mol. Mannitlösung geringer ist als 
nach einer einstündigen Inkubationszeit. Diese Abnahme des Wuchsstoff- 
effektes kann verschiedene Ursachen haben: 

1.) Bei langer Einwirkung von IES erfolgt eine Übersättigung der Zellen 
mit IES, die eine Abnahme des IES-Effektes bedingt (supraoptimaler Wuchs- 
stoffgehalt). 

2.) Aus der Aussenlösung permeieren Mannitmoleküle in die Zelle ein, 
die deren Stoffwechsel stören. 

3.) Der Hemmung liegen endogene, von den Aussenfaktoren Mannit und 
IES unabhängige Prozesse zu Grunde. 

Um zwischen diesen drei Möglichkeiten zu unterscheiden, wurde den 
Koleoptilzylindern in einer ersten Versuchsserie der Wuchsstoff erst nach 
Aufenthalt der Zylinder in einer wuchsstofffreien Mannitlösung allein wäh- 
rend der einstündigen Streckung in Wasser gegeben. Kurve I in Abbildung 3 
zeigt, dass auch in dieser Versuchsanordnung die in bidest. Wasser und IES 
erfolgte Streckung nach längerem Aufenthalt in reiner Mannitlösung geringer 
ist als nach kurzem Aufenthalt. Damit scheidet die erste Möglichkeit aus, 
zumal eine Wuchsstoffgabe während des unterdrückten Wachstums und 
während der Streckung in Wasser ein weiterhin gesteigertes Wachstums, 
aber auch wieder mit der gleichen Differenz nach 1 und 4 Stunden ergibt 
(Abb. 3, Kurve II). Zwischen den beiden weiterhin verbleibenden Möglich- 
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keiten konnte eine Entscheidung in der Weise getroffen werden, dass die 
Koleoptilzylinder nicht durch ein aussen angelegtes osmotisches Potential an 
der Wasseraufnahme und Streckung zunächst gehindert wurden, sondern 
durch eine Aufbewahrung in einer feuchten Kammer (mit feuchtem Filtrier- 
papier ausgelegte Petrischale). Nach Übertragung so behandelter Zylinder 
in bidest. Wasser mit IES zeigt sich die gleiche Abhängigkeit der Streckung 
von der Aufbewahrungszeit in nichtwachsenden Zustand. 

Wir müssen somit folgern, dass endogene, von der Mannit- und IES- 
Behandlung unabhängige Prozesse Ursache der Streckungsabnahme bzw. 
der Abnahme des Wuchsstoffeffektes sind. 

Welcher Art können diese sein? Es liegt die Vermutung nahe, dass Pro- 
zesse der Zellwandbildung unabhängig von der Stärke der Wasseraufnahme 
ablaufen, also auch dann stattfinden, wenn die Zellwand durch den Turgor 
nicht vergrössert wird. Die Folge davon würde sein, dass neue Zellulosemole- 
küle auf die Wand aufgelagert werden und diese somit eine grössere Starr- 
heit erhält. Nun wissen wir aber, dass die Zellwand der Koleoptilzylinder 
unmittelbar nach ihrer Isolierung aus der Koleoptile um einen bestimmten 
Betrag elastisch gespannt ist. Bei Auflagerung von neuen Zellulosefribrillen 
auf die so elastisch gespannte Wand müsste deren elastische Dehnung im 
Verlaufe der Zeit mehr und mehr in eine irreversible übergehen. 

Diesem Gedanken folgend haben wir daher Koleoptilzylinder unmittelbar 
nach ihrer Isolierung und nach Aufbewahrung von 4 Stunden in einer feuch- 
ten Kammer in 0,9 Mol. Mannit entspannt und in beiden Fällen die elastische 
Dehnung bestimmt. 

In Übereinstimmung mit den Versuchsergebnissen von Heyn (1937) nimmt 
die elastische Dehnung im Verlaufe der vier bzw. 5 1/2 Stunden erheblich ab. 
Auch in einer Mannitlösung, die den Zylindern keine Zellvergrösserung 
erlaubt, ebenso bei Auxingabe zu einer solchen Lösung bleibt diese Abnahme 
der elastischen Dehnung erhalten. Wenn wir diese auf eine Neubildung von 
Zellulosefibrillen und auf deren Einbau in die Wand zurückführen, — zwar 
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Tabelle 1. Änderung der elastischen Dehnung am Wachstum gehinderter Koleoptilzylinder 
in Abhängigkeit von der Zeit. Mittelwerte aus 4 Einzelversuchen mit je 12 Koleoptilzylindern. 
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| Aufbewahrung der Zylinder in Zeit Elastische Dehnung in Okulareinheiten 
feuchter Kammer ......... | 0 Std. 4.8 
4 = 22 
0.35 Mol Mannit .......... { 2th Std. 3.8 
| UE à 2.3 
5 ee 21/2 Std. 37 | 
0,35 Mol Mannit+IES ..... { 51% à a 


erst eine elektronenmikroskopische Untersuchung könnte vielleicht die Rich- 
tigkeit dieser Hypothese eindeutig beweisen, — dann ergibt sich aus den vor- 
herstehenden Versuchen, dass die Prozesse der Wandneubildung unabhängig 
von der Zellstreckung selbst ablaufen und dass der Wuchsstoff auf sie, 
wenigstens während einer kurzen Inkubationszeit von 4 Stunden, keinen Ein- 
fluss nimmt. 

Ebenso muss eine Beeinflussung des Pektinstoffwechsels der Zellwand 
durch Wuchsstoff innerhalb dieses Zeitraumes ausgeschlossen werden, denn 
wir haben mit längerer Einwirkung des Wuchsstoffes keine höhere Plastizi- 
tät der Zellwand bzw. eine dadurch bedingte stärkere Streckung der Koleop- 
tilzylinder gefunden. 


Änderung der Zellwandeigenschaften bei Koleoptilzylindern, die mit und 
ohne Wuchsstoff um den gleichen Betrag gestreckt wurden 


Im vorhergehenden Abschnitt konnten wir zeigen, dass sowohl die elas- 
tische Dehnung als auch die Gesamtdehnbarkeit selbst der Zylinder, die 
durch Blockierung der Wasseraufnahme an einer Streckung gehindert wer- 
den, durch Wuchsstoff nicht zu beeinflussen sind, sondern dass die diese 
Wandeigenschaften beeinflussenden Stoffwechselprozesse unabhängig von 
einer 4stündigen Wuchsstoffeinwirkung ablaufen. Diese Befunde sind zum 
Teil keineswegs neu, doch wird ihre Bedeutung für die Analyse der Wuchs- 
stoffwirkung bei der Zellstreckung vielfach übersehen, denn für die erhöhte 
Wasseraufnahme der Zelle durch Wuchsstoff gilt eine Änderung des Wand- 
druckes als Ursache. 

Nun konnte früher (Pohl 1953) nachgewiesen werden, dass die irrever- 
sible Streckung der Koleoptilzylinder allein abhängig ist von der erfolgten 
aktuellen Dehnung, wobei es gleichgültig ist, ob diese unter Einwirkung von 
Wuchsstoff oder ohne Wuchsstoff zustande kam. Diese Versuche sollen im 
Folgenden unter Ausweitung auf eine gleichzeitige Untersuchung der elasti- 
schen und plastischen Dehnung der Zylinder noch einmal überprüft werden. 
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Wie wir zeigten, besitzen frisch aus der Koleoptile herausgeschnittene Zy- 
linder eine Saugkraft von 8,24 Atm. Werden solche Zylinder in Wasser 
gelegt, so nehmen ihre Zellen aufgrund des Diffusionsdruckdefizits Wasser- 
Vakuole Wasser auf. Diese Wasseraufnahme bedingt eine Volumenvergrös- 
serung der Zylinder, die wir an Hand ihrer Streckung messen. 

Es gilt nun zunächst die Frage zu entscheiden: Handelt es sich bei dieser 
ohne zusätzlichen Wuchsstoff ablaufenden Streckung um ein echtes Wachs- 
tum, also um eine irreversible Volumenvergrösserung, oder nur um eine 
Expansion der Koleoptilzylinder, die in ihrem ganzen Ausmass reversibel ist? 
Ordin und Bonner (1956) geben in ihrer jüngst erschienenen Studie über die 
Permeabilität von Koleoptilzylindern für Wasser eine graphische Darstellung 
(Ordin und Bonner 1956, Seite 55, Figur 5) der Expansion 5 mm langer 
Koleoptilzylinder aus der Streckungszone in Wasser wieder. Vor Übertragung 
in Wasser hatten die Zylinder in 0,4 Mol Mannit gelegen und nach einem 
Aufenthalt in Wasser von 2 Stunden wurden sie in dieselbe Mannitlösung 
zurückgelegt. Wie aus dieser Darstellung hervorgeht, erfolgt innerhalb einer 
Stunde eine maximale Expansion der Zylinder, denn in der zweiten Stunde 
erfolgt keine weitere Streckung mehr. Nach Rückübertragung in die Aus- 
gangslösung von 0,4 Mol Mannit kontrahieren sich die Zylinder wieder auf 
ihre Ausgangsgrösse. Nach dieser Darstellung handelt es sich bei der Strek- 
kung der Zylinder in Wasser zweifellos um eine einfache Expansion und 
nicht um ein echtes irreversibles Wachstum. 

Leider konnten diese Befunde von uns nicht bestätigt werden. Abbildung 4 
zeigt die Streckung von 3 mm langen Koleoptilzylindern, die nach einem 
Aufenthalt von 1 Y/z Stunden in 0,4 Mol Mannit in Wasser bzw. in 0,175 mol. 
Mannitlösung übertragen wurden. Keineswegs war bei unserem Material 
nach einer Stunde eine maximale Streckung erreicht, vielmehr konnte sowohl 
in Wasser als auch in 0,175 Mol Mannit bis zu 5 Stunden, d.h. solange wir 
den Zuwachs verfolgten, eine anhaltende Streckung beobachtet werden. Der 
vorstehend zitierte Befund von Ordin und Bonner muss umso mehr über- 
raschen, da die gleichen Autoren in Zusammenarbeit mit Applewhite (Ordin, 
Applewhite und Bonner 1956) in einer anderen, gleichzeitig erschienenen 
Studie über die Wuchsstoff-induzierte Wasseraufnahme bei Avena-Koleoptil- 
zylinder in einer Abbildung (Figur 1) sicherlich bis zu 10, wenn nicht bis 
zu 20 Stunden eine anhaltende Streckung der Zylinder in Wasser ohne 
Wuchsstoff wiedergeben. 

Wir haben ferner wie Ordin und Bonner (1956) nach zwei Stunden Strek- 
kung in Wasser die Koleoptilzylinder in die Ausgangslösung von 0,4 Mol 
Mannit zurückgelegt. Im Gegensatz zu ihnen fanden wir keinen Rückgang 
der Zylinderlänge auf ihre Ausgangsgrösse, sondern von der in Wasser er- 
folgten Dehnung blieb mehr als 50 % erhalten (siehe Abb. 4). Tabelle 2 
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Abbildung 4: Streckung der Koleoptilzylinder 
in Wasser und 0,175 Mol Mannit und ihre 
Verkürzung nach Rückübertragung in 0,4 Mol 
Mannit. 


1 2 3 4 5 STD. 


soll einen Vergleich der von uns gefundenen Werte mit denen von Ordin und 
Bonner erleichtern. Dazu wurden die gemessenen Längenänderungen in mm 
bezogen auf 5 mm lange Koleoptilzylinder, die von Ordin und Bonner be- 
nutzt wurden, berechnet. 

Die Zuwachswerte in der ersten Stunde nach Ubertragung in Wasser dif- 
ferieren nur um 5 °/o; die Werte der 2. Stunde und die Kontraktionswerte 
nach Rückübertragung in die Ausgangslösung von 0,4 Mol Mannit sind 
dagegen vollig verschieden. 

Da wir unter Wachstum eine irreversible Volumenvergrösserung verstehen 
und solange wir diese Definition des Wachstums beibehalten, können wir 
nicht umhin, die Streckung der Koleoptilzylinder in Wasser ohne Wuchs- 
stoffgabe als Wachstum und nicht als eine Expansion im Sinne einer rever- 
siblen Volumenvergrösserung zu bezeichnen. Dabei soll hier nicht erörtert 
werden, ob dieses Wachstum aufgrund von Spuren endogenen Auxins aus- 
gelöst wird. Zweifellos ist die Zellmembran der jungen Koleoptilzelle auch 
ohne zusätzlichen Wuchsstoff im hohen Grade plastisch dehnbar. Diese 
Eigenschaft der Wand bedingt bei einer stärkeren passiven Dehnung, aus- 
gelöst durch eine Wasseraufnahme aufgrund eines Diffusionsdruckdefizits, 
eine irreversible Volumenvergrösserung der Zelle, und das ist Wachstum. 

Wir können nun Koleoptilzylinder bei einem geringen Diffusionsdruck- 


Tabelle 2. Vergleich der gefundenen Längenänderungen der Koleoptilzylinder bei Über- 
tragung aus 0,4 Mol Mannit in Wasser und vice versa mit den Werten von Ordin u. Bonner. 


Längenzunahme‘i in Wasser Kontraktion in 0.4 Mol 


Autor 
= de Std. mm 1 2. Std. mm |Mannit nach 2 Std. um 
| 
| | ; | | 
| vorlieg. Arbeit | 0.38 0.15 0.23 | 
! Ordin u. Bonner | 0.4 | 0.0 | 0.35 | 
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defizit bei gleichzeitiger Wuchsstoffgabe innerhalb einer bestimmten Zeit- 
einheit um denselben Betrag strecken, wie bei einem hohen Diffusionsdruck- 
defizit ohne zusätzlichen Wuchsstoff. An solchermassen mit und ohne Wuchs- 
stoff um den gleichen Betrag gestreckten Koleoptilzylindern muss es möglich 
sein, die Frage zu entscheiden, ob die Veränderung der plastischen und 
elastischen Dehnung der Wand Folge oder Ursache der Wuchsstoff-indu- 
zierten Wasseraufnahme ist. Über derartige Versuche wurde bereits von mir 
(Pohl 1953) berichtet. Wir haben diese Untersuchungen nochmals überprüft. 

Dazu wurden Koleoptilzylinder zunächst nach ihrer Isolierung für 1 Y/2 
Stunden in 0,35 Mol Mannit gelegt und anschliessend in 4 Gruppen zu je 12 
Zylinder unterteilt. Gruppe 1 wurde in Aqua bidest., Gruppe 2 in 0,175 Mol 
Mannit, Gruppe 3 in 0,175 Mol Mannit mit Zusatz von 1 mg/L IES über- 
tragen; Gruppe 4 verblieb in der Ausgangslösung von 0,35 Mot Mannit. Die 
Längenänderung der Zylinder wurde in stündlichen Intervallen gemessen. 
Nach Ablauf von zwei Stunden erfolgte eine Rückübertragung der Zylinder 
der Gruppe 1, 2 und 3 in die Ausgangslösung von 0,35 Mol Mannit. Die 
Mittelwerte aus drei Versuchen dieser Art sind in Abb. 5 graphisch dargestellt. 
Die Streckung der Zylinder in 0,175 Mol Mannit erreicht bei einem halbso- 
grosse Diffusionsdruckdefizit wie in reinem Wasser nach zwei Stunden den 
halben Wert wie die der Gruppe 1. Das Wachstum der Zylinder ohne zusätz- 
liche Wuchsstoffgabe verläuft somit in den ersten zwei Stunden eindeutig 
proportional dem Diffusionsdruckdefizit. 

Durch eine Wuchsstoffgabe zur 0,175 mol. Mannitlösung können wir nun 
erreichen, dass auch die Zylinder in einer solchen Lösung sich um den glei- 
chen Betrag in zwei Stunden strecken, wie die in Wasser ohne Wuchsstoff 
gelegten Zylinder (Abb. 5, Kurve 3). 

Folgt die Streckung der Koleoptilzylinder mit und ohne Wuchsstoff allein 
dem Saugkraftdefizit, wie es neuerdings Ordin, Applewhite und Bonner 
(1956) nachzuweisen versuchen, so müssen wir fordern, dass durch den 
Wuchsstoff die Saugkraft der Zylinder um einen Betrag von 0,175 Mol, d.h. 
um 4,5 Atm. erhöht wurde. Dass dieses nicht der Fall ist, ergibt sich eindeutig 
aus dem Verhalten der Zylinder nach Übertragung in die Ausgangslösung 
von 0,35 Mol Mannit, denn die Zylinder der Gruppe 1 und 3 verkürzen sich 
um den gleichen Betrag. Betrachten wir das Verhältnis von Streckung der 
Zylinder innerhalb von zwei Stunden zur irreversiblen Volumenvergrösserung 
nach Rückübertragung in die Ausgangslösung, so beträgt 


Q (1,0) =1,6 
Q (0,175 Mol Mannit+IES) =1,6 
Q (0,175 Mol Mannit) =1,9 
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Abbildung 5. Längenänderung der Koleoptilzy- 
linder während 2 Std. in reinem Wasser (Kurve 
1), in 0,175 Mol Mannit (Kurve 2), in 0,175 Mol 
Mannit+IES (Kurve 3). Kurve 4: Längenände- 
rung der Zylinder in 0,35 Mol Mannit. 


OKULAREINHEITEN 


Je grösser die Streckung der Zylinder innerhalb der zwei Stunden in Was- 
ser oder Mannitlösung mit und ohne Wuchsstoff war, umso grösser ist auch 
die verbleibende Länge der Zylinder nach Rückübertragung in die Ausgangs- 
lösung. 

Die Längenänderung innerhalb der Gruppe 4 überschreitet nicht die Fehler- 
grösse unserer Methode; die Länge der Zylinder in der 0,35 mol. Mannit- 
lösung blieb demnach während der Versuchsdauer unverändert. 

In einer weiteren Versuchsserie von drei Parallelversuchen haben wir nun- 
mehr die Koleoptilzylinder, die zunächst in der gleichen Weise wie im vor- 
stehenden Versuch behandelt waren, nach erfolgter zweistündiger Streckung 
in Wasser, bzw. 0,175 Mol Mannit und 0,175 Mol Mannit+IES durch Uber- 
tragung in 0,9 Mol Mannit plasmolysiert, um ihre elastische und plastische 
Dehnung zu bestimmen (Abb. 6). 

Die Wachstumswerte der Gruppe 1 und 3, d.h. in Wasser und in 0,175 
Mol Mannit und IES, sind nach zwei Stunden nicht absolut gleich, wie im 
vorhergehenden Versuch. Die Länge der Zylinder in Wasser ist um eine 
Okulareinheit geringer als die der Wuchsstoff-behandelten. Die Zylinder der 
Gruppe 4 wurden, nachdem sie wie die der anderen zunächst 1 */2 Stunden 
in 0.35 Mol Mannit lagen, unmittelbar in 0,9 Mol Mannit plasmolysiert, die 
anderen Gruppen erst nach zwei Stunden. 

Betrachten wir allein die plastische Dehnung der Koleoptilzylinder der 
Gruppe 2 und der Gruppe 3, so müssen wir eine beachtliche Steigerung der 
plastischen Dehnung der mit Wuchsstoff behandelten Zylinder feststellen. 
Demnach könnten wir für die stärkere Streckung der Zylinder in einer 
wuchsstoffhaltigen Lösung eine Veränderung der plastischen Dehnbarkeit 
der Wand verantwortlich machen. Diese Folgerung ist aber nicht haltbar, 
wenn wir in unsere Betrachtung die plastische Dehnung der ohne Wuchs- 
stoff in reinem Wasser gestreckten Zylinder mit einbeziehen. 

Berechnen wir den Quotienten gebildet aus der aktuellen Streckung durch 
plastische Dehnung, so ergibt sich: 
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Abbildung 6. Längenänderung der Koleoptil- 
zylinder während 2 Std. in reinem Wasser 
(Kurve 1), in 0,175 Mol Mannit (Kurve 2), in 
0,175 Mol Mannit+IES (Kurve 3) und nach 
Rückübertragung in 0,9 Mol Mannit. Kurve 4: 
Verkürzung der Zylinder in 0,9 Mol Mannit. 


Q (0,175 Mol Mannit +IES) — 1,80 
Q (H,O) — te 
Q (0,175 Mol Mannit) =2.05 


Je grösser die Streckung der Zylinder ist, umso grösser ist die plastische 
Dehnung, gleichgültig ob die Zylinder zusätzlichen Wuchsstoff erhielten oder 
nicht; eine Folgerung, die sich bereits aus dem vorhergehenden Versuch 
ergab. Abbildung 6 erlaubt uns ferner, den Anteil der elastischen Dehnung 
an der Gesamtdehnung zu berechnen. Wir folgen dabei den Berechnungen 
Ketellapper’s (1953). Die elastische Dehnung (dL) ergibt sich aus der Differenz 
der Länge der Zylinder (L;) vor der Plasmolyse und ihrer Länge (L,) nach 
der Plasmolyse: 

dL=L.—L, 


Aus diesen Werten wurde der Faktor E als 


E=dL/L,X 100 


bestimmt als Mass für die Änderung der elastischen Dehnbarkeit. Für unse- 
ren Versuch ergab sich: 


E (H,O) =11,4 % 
E (0,175 Mol Mannit+IES) =12,0 % 
E (0,175 Mol Mannit) =10,0 % 
E (0,35 Mol Mannit) = 7.05 0 


Je grösser die aktuelle Dehnung der Zylinder ist, wobei es wiederum keine 
Rolle spielt, ob Wuchsstoff sie bedingt oder nicht, umso grösser ist auch der 
Prozentsatz der elastischen Dehnung. 
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Diskussion 


Der Analyse der Wuchsstoffwirkung auf ein pflanzliches Organ liegt in 
erster Linie der biologische Test zugrunde. In einem solchen Test, z.B. dem 
Avena-Sectionstest, bestimmen wir innerhalb eines bestimmten Zeitraumes 
— im Sectionstest innerhalb von 20 oder 24 Stunden — den Zuwachs der 
mit unterschiedlichen Wuchsstoffkonzentrationen behandelten Gewebe- 
stücke. Es wird also das Wachstum, die Längenänderung der Zylinder, als 
Funktion der angewandten Wuchsstoffkonzentration bestimmt. Sofern es 
allein bei dieser Aussage bleibt, ist die Durchführung eines solchen Testes 
berechtigt; er muss aber zu Fehlschlüssen führen, wenn wir daraus eine 
exakte Aussage über die primäre Wirkung des Wuchsstoffes gewinnen wol- 
len. Ferner gestattet ein solcher Test keine Trennung zwischen direkten und 
indirekten Wuchsstoffeffekten. Soll zwischen primären und sekundären oder 
zwischen indirekten und direkten Effekten entschieden werden, so muss die 
Zeiteinheit dt innerhalb des Testes möglichst klein gehalten werden. In den 
vorstehenden Versuchen haben wir die Zeiteinheit dt daher auf 1 bzw. 2 
Stunden begrenzt. Aus Gründen der leichteren Reproduzierbarkeit verzich- 
teten wir auf eine weitere Einengung. 


Unsere unter diesem Aspekt erfolgte Überprüfung der Wuchsstoffwirkung 
auf die Wandeigenschaften der Koleoptilzellen ergab, dass sich die Zellwand 
bei einer kurzfristigen Wuchsstoffeinwirkung und der sich daraus ergebenden 
gesteigerten Streckung völlig passiv verhält. 


Koleoptilzylinder, die in einer Mannitlösung bei einem Diffusionsdruck- 
gleichgewicht zwischen Zellinhalt und Aussenlösung mit Wuchsstoff ver- 
sorgt werden, zeigen zwar eine Abnahme ihrer elastischen Dehnung, die 
aber unabhängig von der Mannit- bzw. Wuchsstoffgabe ist. In Abhängigkeit 
von der Zeit wird vielmehr die Zellwand starrer, ihre elastische und plas- 
tische Dehnbarkeit nimmt ab im Gegensatz zu den Zellen der Weizenwurzel, 
bei denen Burström (1953, 1955) als ersten Wuchsstoffeffekt eine Erhöhung 
der plastischen Dehnbarkeit gefunden hat. Unsere Befunde sprechen gegen 
eine Beeinflussung des Zellwandstoffwechsels als primären Wuchsstoffein- 
griff in das Wachstumsgeschehen der Koleoptilzelle. 


Die Zellwände der Koleoptilzylinder standen während der Wuchsstoffein- 
wirkung in unserem Versuch auch bei einem Diffusionsdruckgleichgewicht 
unter einem Turgordruck; sie waren also elastisch gespannt. Eine Erhöhung 
der plastischen Dehnbarkeit müsste bei einer solchermassen gespannten Wand 
eine Herabsetzung des Wanddruckes und damit ein Diffusionsdruckdefizit 
auslösen, dem eine Wasseraufnahme in die Zelle folgt. Eine gewisse, sehr 
geringe und nicht absicherbare Längenzunahme der Zylinder in 0,35 Mol 
Mannit mit IES konnten wir nach 4stündiger Inkubationszeit zwar beobach- 
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ten, doch entsprach dieser etwaigen Saugkrafterhöhung keine gesteigerte 
Streckung der Zylinder nach Übertragung derselben in reines Wassers. Die 
Streckung der Zylinder in Wasser während einer Stunde nimmt vielmehr 
umso stärker ab, je länger sie vorher am Wachstum gehindert waren. Wir 
müssen annehmen, dass unabhängig von einer zusätzlichen Wuchsstoffver- 
sorgung die Koleoptilzelle laufend neue Zellulosefibrillen bildet, die bei einer 
Auflagerung auf die elastisch gespannte Wand deren ursprüngliche elastische 
Dehnung fixiert und dabei gleichzeitig ihre Dehnbarkeit herabsetzt. Ob der 
Wuchsstoff bei einer längeren Inkubationszeit als vier Stunden diesen Prozess 
der Zellwandbildung beeinflusst, muss offen bleiben. 

Den zahlreichen Versuchen zur Überprüfung der Veränderung von plasti- 
scher und elastischer Dehnung von Zellwänden, deren Zellen unter Wuchs- 
stoffeinfluss stärker wachsen als nicht mit Wuchsstoff behandelte, haftet 
allen der Fehler an, dass sie die aktuelle Streckung selbst nicht berücksich- 
tigen. Sorgen wir dafür, dass im Experiment die aktuelle Streckung der mit 
Wuchsstoff behandelten und der unbehandelten Koleoptilzylinder gleich 
gross ist, so finden wir in beiden Versuchsgruppen gleiche Werte für die 
elastische als auch für die plastische Dehnung. In dieser Konstanz des Ver- 
hältnisses von elastischer und plastischer Dehnung sehen wir einen weiteren 
Beweis für das passive Verhalten der Zellwand, wenigstens zu Beginn 
der Zellstreckung, denn der exogene Wuchsstoff verändert bei kurzfristiger 
Einwirkung, obwohl er die Saugkraft der Zellen in unserem Versuch leistungs- 
mässig scheinbar um 4,5 Atm. erhöht, die plastische und elastische Dehnung 
der Zellen nicht. Diese sind vielmehr von der gleichen Grösse bei Zylindern, 
die sich in der gleichen Zeiteinheit um denselben Betrag aber ohne Wuchs- 
stoff gestreckt haben. Auf ein solches Verhalten der Koleoptilzylinder bei 
kurzfristiger Wuchsstoffeinwirkung haben wir bereits früher hingewiesen 
(Pohl 1953) und daraus wie auch aus anderen Versuchen (Pohl 1939, 1948) 
die Folgerung gezogen, dass das Wachstum der Koleoptilzylinder ausgelöst 
durch eine Wuchsstoffgabe zunächst mit einer Permeabilitätsänderung für 
Wasser beginnt. 

Es ist inzwischen versucht worden, mit Hilfe von Isotopen eine solche Perme- 
abilitätsänderung nachzuweisen (Buffel 1952, Ketellapper 1953, Thimann und 
Samuel 1955, Ordin und Bonner 1956). Die Ergebnisse sind widersprechend: 
während Buffel (1952) und Thimann und Samuel (1955) eine Permeabilitäts- 
änderung auffinden, beobachteten Ketellapper (1953) wenn überhaupt, dann 
nur einen sehr geringen und Ordin und Bonner (1956) keinen Effekt. Letz- 
tere sehen in der Zellwand einen höheren Widerstand für den Wassertrans- 
port als im Plasma oder in den Plasmagrenzschichten selbst. Auch Thimann 
und Samuel schliessen sich dieser Meinung an und erklären ihre beobachtete 
Permeabilitätserhöhung durch eine Herabsetzung des Wandwiderstandes für 
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den Wassertransport als eine Folge einer Abnahme der Wanddicke während 
des Wachstums. Für diese ihre Folgerung fehlt der Beweis, nämlich dass bei 
kurzfristiger IES-Einwirkung, die noch nicht zu einer erheblicher Abnahme 
der Wanddicke geführt hat, die Permeabilitätserhöhung ausbleibt. Brauner 
und Hasman (1946 und 1952) weisen nämlich bereits nach 6 Stunden beim 
Kartoffelgewebe, mit dem auch Thimann und Samuel arbeiten, eine solche 
nach. An Epidermiszellen von Allium cepa wurde ferner die von v. Gutten- 
berg und Beythien (1951) an Rhoeo discolor beobachtete, durch Wuchsstoff 
induzierte Erhöhung der Wasserpermeabilität von Masuda (1955) bestätigt. 
Masuda findet eine Erhöhung der Lipoid- und der Wasserpermeabilität bei 
schwachen IES-Konzentrationen, bei starken dagegen eine Herabsetzung, 
Befunde, die mit unseren Beobachtungen übereinstimmen (Pohl 1953). 

Bei Ablehnung einer Beeinflussung der Wasserpermeabilität durch IES 
wird es schwer sein, für die in der vorliegenden Arbeit mitgeteilten Versuchs- 
ergebnisse eine vernünftige Erklärung zu finden. Wir müssten an ihrer Stelle 
eine Erhöhung des Diffusionsdruckdefizits um 4,5 Atm. fordern. Ein An- 
zeichen für eine solche Steigerung des Diffusionsdruckdefizits ergab sich aber 
aus unseren Versuchen nicht. 


Summary 


The influence of short-time treatments on the cell wall properties of the 
Avena coleoptile was studied. 

An auxin-incubation of coleoptile sections for 4 hours under circumstances 
not allowing any growth, produces no visible influence on the cell wall 
properties. However, in walls of cells, not allowed to grow, the rigidity in- 
creases with time with or without an auxin-treatment. This has been proved 
by demonstration of a diminishing cell wall tensility under either condition. 

Equal elongation of coleoptile sections can be produced in water without 
auxin or in mannitol solution with auxin. In both cases the ratio between 
the elastic and the plastic component of the extension is the same. 

There is no evidence of any influence of auxin on the diffusion pressure 
deficit by treatments not exceeding 2 hours. 


Ich danke meiner Assistentin Emine Sarioglu für ihre Hilfe bei der Durchführung 
der Experimente. 
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Introduction 


It is well known in agricultural practice that the formation of root nodules 
by specific rhizobium strain has a great importance in regard to the produc- 
tion of leguminous plants. 

In this respect, not only the suitable bacteria must be present, but nodule 
formation also requires adequate conditions of the environment. Different 
data prove for instance that, by some species, the nodules are made in great 
quantity only in a definite daylength (from Leonard, 1926, to Cajlahjan, 
1945; see the discussion). Our own recent experiments gave the same result 
for soybean (Sironval and Bonnier, 1956): in long day, the nodules were 
heavy, numerous and red coloured, but in short day, they remained rare 
and very small, and their inside colour was pinK only in the largest of them. 
This last character corresponds evidently in short day to the lack of leghae- 
moglobin, whose quantity is under the normal. It indicates that the daylength 
given to the plant controls, at least partially, the leghaemoglobin synthesis 
in the root nodules. 

The interpretation of such a fact is difficult, but it seems interesting to 
consider in this purpose some recent experimental data showing that day- 
length affects profoundly the leaf metabolism. It is possible that there is an 
unknown relation between the functioning of the leaves submitted to precise 
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photoperiodic conditions and the capacity of producing effective root nodules 
containing leghaemoglobin. 

In particular, several data one of us has been collecting during the last 
years (Sironval, 1954—1957) prove that chlorophyll metabolism a sub- 
stance in evident chemical connection with leghaemoglobin prosthetic 
group — is greatly dependent on daylength. Not only the total amount of 
chlorophyll varies in relation to the photoperiodic treatment, but the ratio 
between the two forms a and b is affected by photoperiodism. In different 
cases it is possible to promote in the leaves abnormal chlorophyll formation 
using photoperiodic conditions. 

Therefore, it appears us entirely justified to investigate if chlorophyll 
metabolism in the leaf is related in some way to the daylength effect on the 
presence of red nodules on the roots. 

The present paper exposes a preliminary essay to measure simultaneously, 
on one hand the action of photoperiod on the functional effectiveness and 
the number of the nodules, and on the other the correspondent chlorophyll 
content of the leaves. 


Material and Methods 


Soybean seeds are sown on a special soil mixture which is very poor in N 
(sterile loamy soil mixed with ordinary garden soil in proportion 3:1). The 
culture boxes are 60 cm. long, 22 cm. wide, and 24 cm. high. They have 
45 plants each. They are placed in a Phytotron room, the temperature of 
which is maintained constant at 20°C during the whole culture, the air 
humidity being fixed at 80 per cent. The light is provided with special 
“Phytor” fluorescent lamps (intensity of approximatively 4,500 lux at the 
soil surface). In these conditions the plants grow perfectly. 

In each experiment one part of the sowing is grown during long day (16 
hours) and the other during short day (8 hours). As well in long as in short 
day two series are made: one is inoculated with a specific rhizobium strain 
S. 3012, the other not (control; in this case, the soybean roots do not have 
any nodules). Altogether, four series are formed: 


1) plants in 16 hours, inoculated with rhizobium; 
2) plants in 16 hours, not inoculated (control); 
3) plants in 8 hours, inoculated with rhizobium; 
4) plants in 8 hours, not inoculated (control). 


The inoculation is performed as follows: 

holes 2—3 cm. deep are made in the culture soil. Each of them receives 
one seed on which 1/2 cm.’ of a rhizobium suspension is dropped. After that, 
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the seed is covered. The same process is employed for the control, only that 
the suspension drop consists of pure culture medium without rhizobium. 

Two different soybean varieties are used, “Capitole” and “Illini”, distinct 
by the type of growth and the photoperiodic reaction. Soybean “ apitole” 
is rapidly flowering in 16 hours; it does not grow very high: the fruits are 
normally produced in 16 hours only. On the contrary, soybean “Illini” is 
rapidly flowering in 8 hours; it grows higher than the “Capitole”, and its 
fruits are found normal exclusively in 8 hours. 


Results 


I. Effect of daylength on nodulation 


Our results are concerned with four successive experiments, the two first 
of which are restricted to “Capitole” variety. We expose them separately. 

Experiment 1. The sowing of “Capitole” seeds took place the 28/4/1953. 
Four months later the plants were extracted carefully out of the soil, the 
roots were washed, and the nodules counted and examined. 

The inoculated 16 hours’ soybeans had 17—50 nodules, the average being 
approximately 30 per plant. The inoculated 8 hours’ soybeans, 3—21, the 
average being 9. Table 1 presents the figures for three separate series of 10 
plants, both in long and short day. The difference is great; the inoculated 
long day plants have three times more nodules than the short day ones. (In 
the same time, the not inoculated control had them in neither daylength). 

The examination of the 16 hours’ nodules showed that they were normally 
heavy (5 to 7 mm in diameter), wrinkled, and that their internal tissue was 
dark red; whereas the 8 hours nodules remained small, their inside tissue 
varying from yellow to pink, or, in one or two of them, to more near the 
red. None gave a green colour. 

Experiment 2. The second experiment repeated essentially the first, but 
the nodules were counted separately on the secondary roots and on the 


Table 1. 


Number of nodules after 4 months culture 


Seri - pe 
oe. in 16 hours day, plant nr. in 8 hours day, plant nr. 


mission 019M yl 112 13.5949 1511617 48° 19°20) M 


1 40 25 50 26 30 25 49 25 35 45] 35.0; 7 19 21 4 13 6 16 13 13 5, 10.7; 
2 95019824550 0315 21726523, 2778351 128.1| 7371702 647,87782.8719 1312 9| 8.9! 
3 Oe te pest SO 17.6232:342 25 18126111 0212 97, 5-22/%9,719:;.17.6] 
Effect of daylength on nodulation of “Capitole” soybean; experiment 1; M=mean. 
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Table 2. 


rh de D de de on mme à sup ee un 
Number of nodules after 2 months culture 


Series nr. in 16 hours day, plant nr. in 8 hours day, plant nr. 
1 2345 6 7 8 9 10| M |11 12 13 14 15 16 17 18 1920| M | 
on the crowns 7-558) 78974” BE 6 CIN GT bes OS TER Zee 3.7 | 
4, on the roots) 77 4,4 0 001 8 wble3 4 Seed 08-9i51- 235008 0750750 Rr Ome ae 2 0.9! 
total 12 11 9.87 717 3971178 9) 13) 10.6 Gabe 4 7 3) 92021146! 
on the crown| 926753211010 48 9m TS 17.3 OS M De Te OP TE 1.6 | 
| on the roots 10 423 7 4 16: 4° 4721125510. 0002 23E TA oA 1,0 
total |19 10 7 6 18 14 24 13 11 6|12.8| 2 2 5 5 | 3.2) 


Effect of daylength on nodulation of “Capitole” soybean; experiment 2; the figures are 
given separately for crown and lateral roots; M=mean. 


crown of the soybeans, in the region of the connection primary root-stem 
(Table 2). 

On the crown, the nodules were found bigger and a little more numerous 
than on the lateral roots. Nevertheless, in both cases, there were always 
significantly more nodules in long than in short day. Table 2 gives the 
results after 2 months’ culture for two series of 10 plants in each day length. 
Naturally, the controls showed no nodules. 

As in the first experiment, the 16 hours’ nodules were heavy and their 
surface wrinkled; they had a beautiful red colour. On the contrary, the 
8 hours’ nodules were small and uncoloured. 

Experiments 3 and 4, The third experiment was concerned with the two 
varieties “Capitole” and “Illini”. The number of nodules was counted on 
the roots after 56 days. 

At this moment, the inoculated “Capitole” plants had 1—8 nodules in long 
day (average 3.7 per plant), against none in short day (Table 3, part A). 

The inoculated “Illini” plants showed a similar situation; they had 8—25 
nodules — nearly all of them being perfectly red coloured — in long day 
(average 11.9; see Table 3, part A), against only 1—4 white nodules in short 
day (average 1.6 per plant). In no cases the control showed any nodules, 

The fourth experiment, which covered 77 days of culture, confirmed 
entirely the preceeding result. Once more it was seen that, by the two experi- 
mented varieties, the nodules grow easier in 16 than in 8 hours day (Table 3, 
part B). 

This shows that the studied phenomenon is distinct from the photoperiodi- 
cal reaction concerning flowering. Photoperiodically, soybean “Capitole” 
reacts differently than “Illini”: it flowers easier in long day, while “Illini” 
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Table 3. 
A. Experiment 3; figures after 56 days. 


b Average number of nodules 
Variety : = 2 a 
in 16 hours day | in 8 hours day 
“Capitole 3.7 (1— 8) 0 0) | 
in ande 11.9 (8—25) Bolt | 


B. Experiment 4; figures after 77 days. 


i Average number of nodules | 
Variety | 
in 16 hours day |in 8 hours day 
“Capitole” 13.6 (9—15) 3.9 (2—8) 
“ANIA CE 23.0 (10—35) 6.1 (4—9) 


Effect of daylength on nodulation of the two varieties “Capitole” and “Illini”; experi- 
ments 3 and 4; in parenthesis, the extreme numbers found in a series of 50 plants. 


in short day. Nevertheless, they both behave exactly in the same way in 
regard to the effect of daylength upon nodule formation by the specific 
rhizobium strain. 

It is noteworthy that this identical behaviour answers to a similar growth 
response to daylength. Table 4 gives the average height of the plants in the 


Tabie 4. 
A. Experiment 3; figures after 56 days. 


| Average height of the plants (cm) 


Variety inoculated series | not inoculated series (control) 
in 16 hours day | in 8 hours day | in 16 hours day | in 8 hours day 

| “Capitole” ....| 33.1 (28—40) 22.7 (21—25) 31.0 (28—37) | 23.0 (19—28) 
RITES" re. 65.2 (50—88) 37.9 (29—52) 78.0 (55—100) | 33. ; (13—62) 


B. Experiment 4; figures after 77 days. 


i 


Average height of the plants (em) 


Variety aoeutaicd series 


in 16 hours day | in 8 hours day 


not inbeulatedzs series (control) 


in 16 hours day | in 8 hours day 


31.2 (28-—37) | 22.5 (20—26) 
86.5 (60—110) | 35.3 (28—39) 


24.2 (22—27) 


“Capitole” ....| 33.4 (29-41) 
39.2 (28—55) 


ine! ri. 74.8 (55—100) 


Effect of daylength on growth of the two soybean varieties “Capitole” and “Mini”; 
experiments 3 and 4; in parenthesis, the extreme numbers found in a series of 50 plants. 
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experiments 3 and 4. It appears that, in these experiments, “Capitole” and 
“Illini” were both regularly bigger in long day. This is true as well in the 
presence (inoculated series) as in the absence of nodules (not inoculated 
series, control). 

This feature supports the conclusion that normal nodulation occurs only 
in the daylength permitting a certain sufficient rate of growth. In other 
words, it seems that the formation of effective red nodules not only acts 
— as it is well known — upon plant vigour, but also depends on it in some 
degree. 


II. The chlorophyll content of the leaves 


The chlorophyll content has been measured as follows: 

samples 0.25 cm.? were taken of 10 homologous leaves, each of them 
being chosen on a different plant; they were extracted together with aqueous 
acetone in a small mortar. After suitable preparation and dissolution in ether 
the extract was examined in a Beckman DU spectrophotometer and the 
chlorophyll quantities calculated by Comar’s method (1942). 

1. Chlorophyll content of soybean “Illini”. We have measured the chloro- 
phyll content in the first leaves of the 8 and 16 hours’ soybeans, 25, 35, and 
45 days after germination. 

In general, in short as in long day, the chlorophyll level of the control 
plants, relatively low in the young leaf, increased with the blade size (for 
instance, it went from near 1.5 mg./100 cm? till 4.0 mg./100 cm). 


Table 5. 


Date of the dosage 25th day 35th day 45th day 


Length of the day SD. L.D. Diff. TRUE” PIRE Diff. SL MER Diff. 


Order of the leaves: 


isti leat #9. EE, 2.46 3.24 | +0.78 | 3.31 3.53 | + 0.22 = 
AIMER ERP ET et: 1.56 2.94 | +1.38 | 2.93 3.92 | + 0.99 | 4.14 2.73 | — 1.41 
SEG) lea vn nee = = 3.30 3.46 | +0.16 | 4.44 3.52 | — 0.92 


AN lent ec = — = == = = 3.44 3.39 | — 0.05 


Effect of daylength upon chlorophyll content of the control “Illini” soybean (cultivated 
without rhizobium); S.D.=short day; L.D.=long day; chlorophyll in mg/100cm.?; Diff.= 
difference: (L.D.)-(S.D.). 


However, the pigment formation was not exactly the same in both daylengths. 
In the beginning, the 25th day, the chlorophyll quantity was lower in short 
day. But, after 10 days, the difference had diminished and it was completely 
reversed at the 45th day dosage (Table 5). At this moment, the long day 
leaves were no more accumulating chlorophyll, while the short day ones 
continued to augment their pigment content. This reflects a differentiation 
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Table 6. 
im me 
Y ] res 
BErengih | Measüres oung leaves Adult leaves Old leaves 
+Rh —Rh| Diff |+Rh —Rh| Diff |+Rh —Rh| Diff. 
1 2.52 2.46 | +0.06 | 2.97 2.93 | +0.04 | 3.28 3.31 | — 0.03 
8 hours 2 1.65 1.56 | +0.09 | 2.90 2.57 | +0.33 | 428 4.14 | +0.14 
day 3 — — — 3.06 3.30 | — 0.24 | 4.27 4.44 | — (6.17 
4 — — — 3.10 3.44 | + 0.26 —- — — 
1 3.08 3.24 | — 0.16 | 4.31 3.92 | + 0.39 | 3.10 3.53 | — 0.43 
16 hours 2 3.04 2.94 | +0.10 | 4.12 3.92 | +0.20 | 3.16 3.52 | — 0.36 
day 3 2.28 2.25 | + 0.03 | 3.64 3.46 | + 0.18 : 
4 3.16 2.66 | + 0.50 | 3.97 3.39 | + 0.58 — = | = 


Effect of the inoculation by rhizobium (+Rh) on the chlorophyll content of the leaves 
of “Illini” soybean in short and long day; not inoculated control=(—Rh); Diff.=dif- 
ference (+Rh)-(—Rh); chlorophyll in mg/100 cm. 


in the properties of the leaves ageing in long and in short day (see Table 5, 
underlined figures). | 

As a rule, the type of pigment formation did not essentially change 
when the soybeans were inoculated with rhizobium, but the absolute pigment 
quantities were a little modified. 

Table 6 compares some measures we have made in young, adult and old 
leaves, in short and long day, on one hand in presence of rhizobium (+Rh), 
and on the other in its absence (control; —Rh). 

It is easily seen that, by young and adult leaves (14 measures), the chloro- 
phyll content was generally a little higher in the inoculated soybeans. Only 
two cases on 14 showed more chlorophyll in the control. 

The augmentation induced by inoculation has been found in short as well 
as in long day. However, it must be emphasised that, in several cases, it was 
more marked in long day (underlined figures in Table 6); such increases 
were not recorded in short day. It is possible that these particular data are 
in relation with the previously demonstrated fact that the nodules are more 
numerous and effective in a 16 hours day. 

A very curious thing is that the major chlorophyll content of the inoculated 
plants has been observed only in the young and adult leaves, but not in the 
old ones. Here, the inoculation induced generally a lower pigment level. The 
fact was noted in many measurements outside the figures of Table 6, so that 
it is not a hazard (see also Table 8 on “Capitole” variety). Still more, as seen 
in Table 6, the decrease of the pigment content in the old leaves seems to 
be more evident in long day, in the presence of numerous rhizobium efficient 
nodules. 

2. Chlorophyll content of soybean “Capitole”. Considering first the con- 
trol plants, “Capitole” accumulated more than “Illini”, specially in the old 
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Table 7. 


Date of the dosage 25th day 35th day 45th day 


Length of the day FSD. , LD. | Dif [SD LD JADE (bas tae: | Diff. 


Order of the leaves: 


SPRICE re 2.46 3.26 | + 0.80 | 3.58 4.01 | +0.43 | 5.30 4.58 | — 0.72 
and leate ser 1.71 2.99 | +1.28 | 3.22 3.96 | +0.74 | 5.84 6.25 | + 0.41 
Std leaf name. Sn == == | = 2.19. :4:21 | 2:02) 5.82 7 7.51 see l269 


Effect of daylength upon chlorophyll content of the control “Capitole” soybean (cul- 
tivated without rhizobium); S.D.=short day; L.D.=long day; chlorophyll in mg/100 cm; 
Diff.=difference: (L.D.)-(S.D.). : 


leaves. The comparison of Table 7 with Table 5 indicates, for instance, that 
the third old leaf in long day contained two times more chlorophyll in 
“Capitole” than in “Illini”. 

Besides this, “Capitole” control plants differed from “Illini” ones in two 
other respects (Table 7): 

1) Chlorophyll accumulation in “Capitole” leaves appeared regularly as a 
long persisting process. Even in the old leaf, we never found a decrease of 
the content. On the contrary, very much pigment continued to accumulate 
in long as well as in short day. 

2) In “Capitole”, the 16 hours figures remained continuously higher than 
the 8 hours ones (only one exception for the first leaf). 

As indicated by other facts (Sironval, 1957), the recorded differences are 
probably in relation to the distinct photoperiodic behaviour of the experi- 
mented varieties. 

In spite of this, the effect of inoculation by specific rhizobium was approxi- 
matively the same for “Capitole” as for “Illini”. 


Table 8. 
¥ leay ay | 
Dhfiefizurlivstääeigen oung leaves Adult leaves | Old leaves 
+Rb —Rh| Diff. |+Rh —Rh| Diff. |+Rh —Rh | Diff. 
a $$ EE EE eee 

honte 1 2.48 2.46 | +0.02 | 3.69 3.58 | +0.11] 5.11 5.30 | — 0.19 
day 2 1.85 1.71 | +0.14 | 3.26 3.22 | +0.04| 5.61 5.84 | — 0.23 
3 2.29 2.19 | +0.10 — — A 6.30 5.82 | + 0.48 
Vereen 1 3.47 3.26 +0.21 | 3.91 4.01 | — 0.10 | 4.08 4.58 | — 0,50 
day 2 3.37 2.99 | +0.38 | 4.47 3.96 | +0.51| 6.01 6.25 | — 0.24 
3 2.72 245 | +0.27 | 3.81 4.21 | — 0.40 | 7.32 7.51 | — 0.19 


Effect of the inoculation by rhizobium (+Rh) on the chlorophyll content of the leaves 
of “Capitole” soybean in short and long day; not inoculated control = (—Rh); Diff.= dif- 
ference (+Rh)-(—Rh); chlorophyll in mg/100 cm... 
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Table 8 shows that the young “Capitole” leaves had regularly a little more 
pigment in the presence of nodules than in their absence. But, in the adult 
leaves, the picture changed: in several cases, there was more pigment in the 
control plants without rhizobium. Finally, as the leaves became older, a lower 
chlorophyll level in the inoculated soybeans was found as a rule. This evolu- 
tion was particularly clear in long day, when the nodules are just functioning 
effectively. 

Also, the facts concerning “Capitole” soybean correspond exactly to those 
presented as regard to the “Illini“ variety. In both cases, the presence of 
effective nodules, especially in long day, acts on chlorophyll accumulation, 
tending to increase its level in the young leaves and to decrease it in the old 
ones. Although existing, the effect does not seem so marked in short day, 
when the inoculation does not induce the formation of numerous effective 
red nodules. 


Discussion 


The idea that nodule formation in Leguminosae could be affected by day- 
length arose from observations upon relations existing between carbohydrate 
synthesis and nitrogen fixation. It was supposed that, in diminishing carbo- 
hydrate synthesis in the leaves, short day treatment or exposure to low 
light intensity could act against nodulation. (Leonard, 1926; Rosenfels, 1927; 
Orcutt and Fred, 1935). However, 1) in some cases, the expected positive 
correlation between carbohydrate level and nodulation has been found com- 
pletely reversed (see Orcutt and Fred, 1935), and 2) the results varied greatly 
from one experimenter to another. Also, Rosenfels found in soybean a better 
nodulation in short day, while Eaton in long day. 

Starting from another point of view, Cajlahjan and Megrabjan (1945) per- 
formed more recently extensive experiments concerning different species. 
They regularly found — in opposition to other data of Moshkov (1939) — 
a better nodulation in long day. The described effect is entirely distinct from 
photoperiodic reaction, since long and short day plants react in the same 
manner, but it is related to growth rate. The authors think that it can be 
partially due to the higher content of growth hormones in the root paren- 
chyme in long day. This opinion is near to a previous suggestion of Thimann 
(1936) that nodule formation is incited by the indoleacetic acid liberated by 
the rhizobium. 

Our own results, — obtained in many repetitions and in strictly controlled 
environmental conditions —, prove that, according to Eaton and to Cajlahjan 
and Megrabjan daylength affects nodulation in soybean in such a way that 
the number and effectivity of the nodules decreases strongly in short day. 
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We observe as Cajlahjan and Megrabjan do — that on one hand, the 
photoperiodic reaction and on the other, the action of daylength on nodula- 
tion are distinct phenomenons. “Capitole” and “Illini” soybeans are photo- 
periodically different, but they behave in the same way for nodulation. 

We find also that nodulation is related to growth rate. Daylength regulates 
soybean growth and at the same time the ability of the rhizobium to produce 
numerous nodules containing leghaemoglobin. 

However, the formation and the functioning of the nodules appears us as 
probably related, not only to the growth rate, but also to the properties of 
the leaves affected by daylength, in particular to their chlorophyll meta- 
bolism. We demonstrate, for instance, that specially in long day, the effec- 
tivity of the nodules tends to modify the chlorophyll content of the leaf 
blade, increasing it in the young leaves and decreasing it in the old ones. 
The fact cannot be explained simply. Naturally, one can propose that a 
greater nitrogen fixation by red nodules favours chlorophyll synthesis in the 
young leaves. But, how explain the decrease observed in the old ones? 

Probably, very complex interactions, involving many metabolic processes, 
are here concerned with. In particular, from our data, one cannot exclude 
the possibility of some unknown physiological connection between leghaemo- 
globin and chlorophyll metabolisms. 


Summary 


The authors study the effect of daylength upon nodulation and chloro- 
phyll content in soybean. Nodules are found heavier, more numerous and 
more effective in long day than in short day. The effect is distinct from the 
photoperiodic reaction; it is related to the control of growth rate by daylength. 
The chlorophyll content of the leaves is affected simultaneously by the photo- 
periodic treatment and by the presence of effective red nodules, following 
certain rules which are described. 


The authors wish to thank Mrs. El Tannir-Lomba for technical assistance. 
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I. Avant-propos 


Nous nous proposons, dans cette étude, d'établir des comparaisons entre 
la teneur en fonctions thiols des diverses régions des racines du Lens (sans 
chercher d’ailleurs à connaître quels sont les divers composés à groupes 
sulfhydryles) et l’activité des systèmes enzymatiques qui règlent la dégrada- 
tion in vivo des auxines endogènes. Nous tenterons de préciser dans quelle 
mesure —SH et auxines-oxydases sont dépendants de la nature et l’âge des 
tissus analysés. 


II. Technique 
A. Teneur en —SH 


1. Principe. La détermination de la teneur en fonctions thiols est basée sur le 
fait que l'acide mésoxalique (I) peut subir en présence de composés sulfhydrylés 
de faible poids moléculaire (II) une série de transformations, passant de l’hemi- 
mercaptone (III) à l'hémimercaptal (IV) et donnant finalement de l'acide glyoxy- 
lique (V) et l'hydrate correspondant (VI) avec régénération du catalyseur. 


COOH COOH H H H 


c=O +R—SH — R—S—C—OH > R—S—C—OH—C=0 > HO—C--OH 
| 
COOH COOH COOH COOH COOH 
I II III IV V VI 
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L'action décarboxylante jouée par la cystéine, le glutathion, les acides thioglyco- 
lique et thiomalique a fait ressortir une nouvelle propriété de la fonction thiol et 
considérer l'acide mésoxalique comme un excellent réactif des groupes sulfhydryles 
(Brunel-Capelle, 4). 


2. Manipulation. La détermination de la fonction thiol dans les tissus des racines 
du Lens a été faite en suivant d’assez près les techniques proposées et utilisées par 
Brunel (4) et Goas (13—15), nous en résumerons l'essentiel: 


Les fragments de racines de 3 mm de long sont séchés sous vide en présence de 
CaCl,. La dessication complète est obtenue après 60 h. Le matériel est alors broyé 
au mortier et 100 mg de ces tissus (parfois 50 et même 10 mg) sont introduits dans 
des fioles (30 ml) avec 5 ml d’eau dist. Après 20 min de contact, 5 ml d’une solution 
de mésoxalate de Na (PM. 180,04; conc. 1 : 10°? M) dans le tampon phosphate-acide 
citrique (Mac Ilvaine) à pH 2,2 sont ajoutés au mélange précédent avec 0,1 ml de 
toluène. Un essai témoin est également fait dans lequel le mésoxalate est remplacé 
par 5 ml d’une solution tampon à pH 2,9. On laisse alors les fioles 120 min à l’étuve 
à 38°C, puis on les refroidit (+2°C) et on transvase quantitativement dans des 
ballons jaugés (125 ml) dans lesquels on aura introduit la quantité de NaOH 0,1 N 
(déterminée au préalable à l’aide du bleu de bromothymol) nécessaire à neutraliser 
les 5 ml de la solution tampon. Puis on filtre. Pour chacune des solutions précé- 
dentes, on prélève 4 ml, on ajoute 0,2 ml de solutions de chlorhydrate de phenyl- 
hydrazine 4 °/o et on porte le tube au BM pendant 2 min. On refroidit (+2°C) et 
on ajoute 2,4 ml d’HCl (d=1,19); on agite puis on introduit 0,2 ml de ferricyanure 
de K 10 °/o. On agite à nouveau et on mesure l’extinction à l’électrophotocolorimètre 
de Klett-Summerson (A=535 millimicrons +35). Divers essais contrôles sont encore 
faits pour déterminer les valeurs d’absorption des composés autres que l'acide 
glyoxylique qui peuvent apparaitre au cours de la manipulation. 

3. Calculs. Si nous appelons M la quantité d’acide mésoxalique décarboxylé par 
10 g de matériel sec, nous trouvons que: 


PM Ac. mes. 100 13606 
M=G :d: . SC lS 
PM Ac. gly. (100—H) 14,04 - (100—H) 


(1) 


Ou 
G=quantité d’acide glyoxylique en mg formé par litre de solution. Cette valeur 
est obtenue par lecture à l’électrophotocolorimètre et par comparaison avec 
la courbe témoin d’acide glyoxylique soigneusement titré (fig. 1) 
d= dilution 
H=humidite résiduelle 


Mais au-lieu d'exprimer cette valeur pour 10 g de matériel sec, nous pouvons la 
donner en fonction du contenu en protéines N des fragments utilisés, que nous 
fixerons par exemple à 1 mg. Soit alors m la quantité d'acide mésoxalique décar- 
boxylé par mg de protéines N, nous trouvons que: 


MMS ie (2) 


Où 
M= valeur donnée en (I). 
S=poids sec en mg pour 100 fragments 
P=teneur en protéines N en ug pour 100 fragments 
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Une autre grandeur a encore été utilisée, il s agit de la valeur mésoxalique. La valeur 
mésoxalique (VM) est le nombre d’unités d'activité mésoxalique (UM) pour 10 g 
de matériel sec. 

L’unité mésoxalique (UM) correspond a la décarboxylation en 120 min, dans le 
tampon phosphate-acide citrique de Mac Ilvaine de pH 2,2 et à 38°C, de 1,36 mg 
(1-10°5 M) d’acide mésoxalique; la concentration du substrat étant de 2:10 ? M. 

Connaissant donc la quantité d’acide mésoxalique décarboxylé pour 10 g de 
matériel sec (M), nous trouvons que: 


MALE 
1,36 11:36: 


VM= (3) 


PM Ac. mes. M—1,84 
0,08 : d : ——|— 


PM Ac.gly./ 1,36 
Dans cette dernière formule, il est tenu compte de la décarboxylation spontanée du 
mésoxalate de Na. 


B. Activité des auxines-oxydases 


1. Principe. Nous donnons à des extraits une quantité déterminée d'acide ß-indo- 
lylacetique (ABIA) et nous dosons, au bout d’un certain temps ce qu'il en reste. 
L'activité des auxines-oxydases sera exprimée par la quantité d’ABIA détruit pen- 
dant un certain temps et pour une certaine quantité de matériel (par exemple rap- 
porté à une grandeur connue de protéines-N (67). 

La mise au point de la technique de dosage a fait l'objet d'un travail spécial 
(Pilet, 50); tout en nous référant à cette étude, nous en donnerons un résumé 
sommaire. 

2. Le réactif. Nous avons finalement adopté le mélange suivant: 


3 ml FeCl, : 6H,0 (pro anal.) sol. dans eau bidist. PM 270,22 Conc. 1,5 M 
60 ml H,SO, (1,84; PM 98,08; 96 %/o +1,5) 
100 ml H,O (Eau redistillée et déionisée) 


8 ml de ce réactif sont placés à l’aide d'une burette automatique dans une série de 
tubes à grosses parois placés à 40°C, à l'obscurité. Toutes les déterminations sont 
faites dans un seul tube (Klett-tube). Avant de mettre la solution active et pour 
accroître encore la sensibilité de la réaction, on ajoute 1 ml d’alcool éthylique (PE. 
78,5£0,5 d=796,5+0,5). L’électrophotocolorimétre Klett-Summerson est utilisé 
avec un filtre de 535 millimicrons +35. 

3. La mixture. Le matériel est coupé, puis broyé dans des mortiers (—23°C) 
avec quelques gouttes de tampon KH,PO, — Na,HPO, de pH 6,1 et une prise de 
SiO,, puis centrifugé (4000 g/15 min) et l'extrait est complété à 10 ml. 

4. Manipulation. On prélève 2 ml de cet extrait qu'on ajoute à 2 ml de solution 
tampon pH 6,1 et 4 ml d’eau distillée. Au temps 0, on ajoute 2 ml de solution d’ABIA 
à 5:10 * M. Les ballons sont alors placés pendant un certain temps à l'obscurité et 
à une température de 20°C. Au bout d’un temps connu, on prélève 2 ml ou 1 ml 
(suivant qu'on utilise ou non de l'alcool éthylique) qu'on ajoute aux 8 ml du 
réactif et on détermine, en fonction du temps l'extinction au photocolorimètre. 

5. Expression des résultats. En général nous déterminons la quantité d’ABIA 
(en ug) décomposé pendant 60 min (la lecture au photocolorimètre étant faite à 
1200” pour comparaison avec la courbe témoin) et ceci par unité de protéines N 
(0,1 mg) ou parfois en fonction du poids frais ou sec des tissus. 
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Figure 1. Dosage quantitatif de l’acide glyoxy- te 10° Br 
lique. Courbe de référence pour exprimer la te- L 9 
neur en —SH. L 74 
L. Lecture électro-photocolorimètrique. LR 0 
AG. Concentration (y/ml) d'acide glyoxylique. En 
Solution: 2,0 mil sol. acide glyoxylique à diver- ve 

ses concentrations.! © 

0,1 ml sol. chlorhydrate de phénvlhyd- 

razine 4 0/0. 

1,2 ml HCl (d=1,18). 

0,1 ml sol. ferricyanure de K 10 9/o. 


[2 
L’absorption est déterminée après 60”, compte ie 4 #6 
tenu de l'essai à blanc (sans chlorhydrate) et de L 
l'essai à zéro. o AG 
Température: 20°C # 0,5. Longeur d’onde: 535 À 1 2 3 
millimicrons + 35. Va 


C. Teneur en protéines N 


Ainsi que nous lavons vu plus haut la concentration en SH et l’activité des 
auxines-oxydases sont souvent rapportées en fonction du taux en protéines N des 
tissus analysés. Notre technique de dosage est basée sur la méthode de Nessler- 
Kjeldahl modifiée par Kirk (33), adaptée pour des tissus végétaux par Galston et 
Dalberg (12) et Pilet et Galston (53), nous résumerons notre technique quelque peu 
différente des précédentes: Les tissus sont broyés avec la solution tampon pH 6,1, 
puis centrifugés et en suivant exactement la méthode décrite pour les auxines- 
oxydases nous arrivons a un extrait de 10 ml. 1 ml de cette préparation est mélangé 
A 1 ml d’acide trichloracétique M, le tout est réfrigéré pendant 12 h. au-moins puis 
centrifugé (3000 g/20 min). Le précipité est traité par 1 ml d’acide trichloracétique 
0,5 M, le tout est centrifugé 4 nouveau. On ajoute au précipité 0,5 ml d’eau distillée 
et on transvase quantitativement dans des tubes de Follin, en ajoutant 1 ml du 
réactif suivant: 


20 ml H,SO, conc.+41 mg acétate de Hg+3,5 mg de SeO, +100 ml H,O 


Les tubes sont alors soumis à la flamme d’un bec Bunsen pendant 6 min, le contenu 
est ainsi complétement desséché. Refroidi, le précipité est traité par 3 gouttes de 
superoxol (H,O, puriss 30 °/o), puis chauffé à nouveau (20 min) et refroidi. On 
ajoute de l’eau distillée jusqu’à 25 ml, puis on fait barbotter de l’air dans le mélange. 


= 


On ajoute alors 5 ml du réactif suivant: 
10 ml du réactif de Nessler (Merk) +40 ml NaOH 10 °%o 


On fait à nouveau barbotter l’air dans le tube et après 10 min, on détermine l’ampli- 
tude de la coloration à l’aide de l’électrophotocolorimètre de Klett-Summerson avec 
un filtre de 430 millimicrons +30. Une courbe étalon est construite en utilisant 
comme contrôle une solution de (NH,),SO, à diverses concentrations (de 0,5 à 


200 ug N/ml). 


1 555,42 mg de glyoxalate de Ca correspondent à 370,18 mg d’acide glyoxylique parfaite- 
ment anhydre. 
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III. Matériel 


Les essais ont porté sur des racines du Lens culinaris Med. appartenant à des 
plantules cultivées dans des boîtes de Petri, à l'obscurité totale (toutes les mesures 
et manipulations sont faites en présence de radiations rouges: 500 lux) sur papier 
filtre sans cendre (type Durieu). Le liquide nutritif (ici la solution de White II) est 
administre A raison de 5 ml pour des boites de 72 cm? de surface interieure. Les 
essais sont faits dans des conditions optimum (Voir le travail de Pilet et Went, 56), 
la température de l’étuve est de 22°,5+0,5, l'humidité relative de l'enceinte de 
75/0 +6. 

A moins d'indications particulières, on utilise pour chaque expérience 100 racines 
dont la longueur est équivalente (par exemple 18 mm +0,7). Le choix est fait sous 
la loupe binocculaire Zeiss. On découpe ces fragments (par exemple de 3 mm +0,5 
ou s’il s’agit de mesures consacrées à l’extrème pointe de 0,0 à 0,5 mm +0,1 et de 
0,5 à 3,0 mm +0,4). Les manipulations sont faites sur plaque de verre recouverte 
d’une solution tampon KH,-Na,PO, à 5 : 10? M à pH 6,1, avec, en transparence une 
réglette mobile qui permet, à tout instant, de contrôler la longueur des segments. 


IV. Bref historique 


A. Fonctions thiols et croissance 


Peu de travaux ont porté sur l'étude parallèle des auxines, des auxines-oxydases 
et des —SH; par contre, nous sommes un peu mieux renseignés sur les relations 
possibles entre les groupes sulfhydryles et la division et l’élongation cellulaire (1,5). 

C’est dans le travail de Gola (16) qu’on trouve pour la premiére fois, A notre con- 
naissance, mentionnée l’accumulation de composés sulfhydrylés au-niveau des méri- 
stèmes radiculaires. Les recherches de Hammett et de ses col. ont permis de mettre 
en évidence les relations entre —SH, mitoses et croissance cellulaire. Tout d’abord, 
il est confirmé que c'est dans le méristème que s’accumulent les composés thiols (20). 
Puis, sur des racines d’Allium et de Mais on constate que le Pb (nitrate) qui inhibe 
leur croissance, agit sur les mitoses par combinaison avec les radicaux —SH; un 
lavage et un traitement par des composés sulfhydrylés lévent cette inhibition (21— 
22). A partir de sulfates organiques, les racines du Phaseolus peuvent élaborer des 
composés du type R-S-S-R qui donnent finalement des produits du type R-SH (25). 
Il paraît donc exister entre —SH et l’activité de prolifération cellulaire des corréla- 
- tions +, alors qu'elles sont — entre —SH et l’activité d’élongation (23). Pourtant 
à l’aide du nitro-prussiate il semble qu'on peut conclure que les fonctions thiols 
naissent au cours des manipulations de broyage. Le rôle des SH paraît général 
puisque ces fonctions règlent la division des oeufs d’oursin (57). 

Parmi les composés sulfhydrylés, le glutathion a été particulièrement étudié. 
Ainsi dans les crown-gall du Pelargonium zonale, le taux en glutathion réduit est 
plus fort que dans les feuilles et cette substance est encore plus abondante dans les 
bourgeons terminaux, ce qui signifie nettement que là où la croissance est pronon- 
cée, les —SH sont en quantité (3). D'ailleurs, si le glutathion est absent dans les 
graines sèches, il apparaît avec l’imbibition et sa concentration s'accroît rapidement 
dans les premières phases de la germination. (30). Dans les racines du Vicia Faba, 
on a pu observer (13) que la teneur en composés thiols est maximum dans la région 
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méristématique et importante dans la zone d’élongation cellulaire et pour les coléop- 
tiles (14) que leur apex présentent des propriétés decarboxylantes plus marquees 
que la région basale constituée par des cellules en voie d’elongation. 

Des relations plus précises entre —SH et hormones présidant à la croissance 
n'ont pas été établies. Mentionnons toutefois que si l’acide iodoacétique s'oppose à 
l’action stimulante des hormones sur l’élongation cellulaire c’est peut-être parce 
qu'il entraîne un blocage des fonctions sulfhydryles des thiols-enzymes qui partici- 
pent au cycle des acides tricarboxyliques (68). On sait en outre l’affinité qu’offrent 
les molécules d’ABIA pour les noyaux sulfhydrylés comme la cystéine (26) et on 
admet aujourd'hui l’existence de complexes actifs formés par l'association de l'ABIA 
avec une protéine par l'intermédiaire d’un composés à fonction SH (2,37). 

Pour terminer rappelons que les —SH peuvent, par voie indirecte, influencer la 
croissance. On connaît le rôle des fonctions thiols sur les processus métaboliques (38), 
on admet de plus en plus aujourd'hui la participation des composés sulfhydrylés 
dans les réactions enzymatiques et on sait par exemple l'effet de protection joué 
par la cozymase sur les fonctions thiols des deshydrases (58). Les relations, d'autre 
part entre pigments chlorophylliens et activité décarboxylante ont été démontrées 
et sur de très nombreux tissus végétaux on a pu observer que là où l’activité 
métabclique est intense, il y a généralement abondance de composés à fonctions 
SH (4). 

Signalons encore un travail, dont nous avons lu le résumé au cours de l'impression 
de ce mémoire. Il s’agit de la publication suivante: N. Rautanen: Determination of 
soluble sulphydryl compounds in biological material. — Report on the research 
activities of the plant physiological Research Institute, University of Pretoria (1955— 
1956, p. 26). Il est mentionné que l'acide trichloracétique freine l’auto-oxydation 
des composés à fonction thiol de faible poids moléculaire. Une technique est pro- 
posée pour l'extraction de ces substances. L’extraction se fait par l’acide trichlor- 
acétique 10 °/o, qu’on élimine par deux traitements successifs à l’éther, le test de 
coloration est basé sur l'emploi du nitroprussiate. 


B. Auxines-oxydases 


Nous n’entrerons pas, dans le bref historique qui va suivre, dans trop de détails 
(voir 34—18) concernant ces enzymes. Rappelons que les premières recherches (66, 
67, 12) sur la physiologie des auxines-oxydases on montré que l'activité de ces 
enzymes augmente avec l’âge des cellules, que lorsque la croissance d'un tissu est 
faible, celui-ci contient un système auxines-oxydasique peu actif et que la destruc- 
tion in vivo de l’ABIA est plus forte dans un tissu âgé que dans un tissu jeune. 
Sur les racines du Lens, matériel utilisé dans cette présente étude, ces observations 
furent confirmées. En particulier, on devait montrer que les cellules de la coiffe ont 
des enzymes très actives comparées à celles du méristème (46, 49, 53); des variations 
dans la destruction in vivo de l'ABIA devaient être notées en fonction de l’âge des 
organes (51). Ces faits furent d’ailleurs retrouvés pour des fragments de carotte 
cultivés in vitro (48) et pour des tiges du Phaseolus (52). L'activité de ces enzymes 
peut être augmentée en présence de 2-4-dichlorophenol (17,53) et aussi du 2-4-di- 
nitrophenol et du 4-6-dinitro-o-cresol (49). Les ions Mn?*, qui dans certains cas 
paraissent inactifs (71, 59, 60) peuvent inhiber (11) ou stimuler (19) les auxines- 
oxydases et peuvent, dans certaines conditions, assurer la destruction parevoie non 
enzymatique de l'ABIA (35, 36). On sait d'autre part que Mn?* et DCP peuvent 

Physiol. Plant., 10, 1957 


714 P. E. PILET 


entrer en compétition (27, 49); divers schémas ont été présentés pour expliquer 
l’action particulière du Mn?* et de certains phénols (36). 


V. Résultats 


A. Quelques données préliminaires 


Différentes grandeurs étaient indispensables pour exprimer d’une façon 
correcte la teneur en —SH, l’activité des auxines-oxydases et la concentra- 
tion en auxines extractibles de racines de 18 mm. 

Les valeurs obtenues sont reportées dans le Tableaus et nous pouvons con- 
stater que le poids frais augmente, de la pointe à la base, comme le poids 
sec (avec toutefois un minimum dans la région comprise entre 3 et 6 mm), 
d’où il résulte que le °/o en eau est maximum dans cette région. La teneur en 
protéines N, tout le long de l’axe radiculaire, a été soigneusement analysée. 
Abondantes dans la pointe, les protéines décroissent, atteignent — une valeur 
minima dans la zone de 3—6 mm et leur concentration augmente ensuite 
très faiblement. 


B. Teneur en —SH. 


La recherche de la concentration en fonctions thiols, pour les racines 
(18 mm) a été entreprise et les résultats consignés dans la Fig. 2. 

Il convient de remarquer que, si l’on exprime le taux en —SH par mg 
d'acide mésoxalique décarboxylé/10 g de poids sec (M) ou par la valeur 
mésoxalique (VM), on observe une baisse constante de la concentration en 
groupes sulfhydryles de la pointe à la base de la racine. Les résultats dif- 
férent lorsque les —SH sont évalués en fonction de l’acide mésoxalique dé- 
carboxylé/mg de protéines N (m), et ceci seulement parce que le taux en 
protéines N est lui-même fort variable, surtout dans la pointe. 

Toutefois la première zone (0—3 mm) comprend deux types de tissus bien 


\ 


Tableau 1. Quelques données préliminaires (racines de 18 mm). 


mm 


Fragments (mm) | Poids frais | Poids sec Hg protéines N 
comptés à partir mg/100 mg/100 % EAU 
ae i 100 /200 mg 
e la pointe fragments fragments | fragment poids frais 
OF 3 126,48 24,79 80,4 812 1.284 
3— 6 240,35 17,55 92,7 265 222 
ER) 272,10 26,94 90,1 301 220 
9—12 305,07 32,64 89,3 420 274 
12—15 340,61 42,58 87,5 505 292 
15—18 385,83 50,54 86,9 582 302 
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0,200 
0-180 
0-160 
Figure 2. Teneur en —SH le long de 
l'axe radiculaire (racine de 18 mm). 
F. Fragments de 3 mm de lon- CSD 
gueur, comptés à partir de la 
pointe. 
M. mg d’acide mesoxalique décar- 
boxylé par 10 g de matière 0,120 
seche. 
m. mg d’acide mésoxalique decar- 
boxylé par 1 mg de proteines N. 
VM. Valeur mésoxalique. 0, 100 


distincts: la coiffe, constituée par de vieilles cellules et le méristème formé 
de jeunes éléments. Il convenait donc d’analyser avec précision la teneur en 
thiol pour ces deux types de tissus. Les résultats de cette nouvelle série 
d'expériences sont reportés dans le Tableau 2. Nous pouvons alors observer 
que les tissus âgés ont relativement très peu de —SH, alors que la région 
méristématique est caractérisée par une forte concentration en fonction thiol. 

Une remarque s'impose: jusqu’à maintenant, les chercheurs qui avaient étudié la 
teneur en composés sulfhydryles des pointes de racines (16, 20, 13) n’ont jamais fait 


la distinction entre coiffe et méristème. C’est pourquoi, on trouve dans leurs résultats 
le fait que la pointe est particulièrement riche en —SH. Nous croyons donc devoir 


Tableau 2. Distribution des —SH (racines de 18 mm) examen de la pointe (0—3 mm). 


Fragments (mm) Poids frais | Poids sec |Mg d’acide mésoxalique Ar 
comptes a partir de la mg/100 mg/100 decarboxyle/10 g ne 
pointe fragments fragments poids sec q 
1 26,40 6,12 6,46 3,4 
0,0 — 0,5 + 0,14 2 28,12 7,35 5.78 N 1 
3 24,05 5,10 8,23 4,7 
J 1 112,05 25,62 40,60 28,5 
0,5 — 3,0 + 0,4 4 2 120,14 30,07 42,91 30.2 > 27,6 
| SE) 110,82 | 29,15 34,48 24,0 
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insister sur cette observation. En fait la pointe proprement dite est très pauvre en 
thiol, alors que le méristème en contient une concentration particulièrement élevée. 


C. Comparaison entre —SH, auxines-oxydases et auxines 


Il était intéressant de mettre en parallèle les trois courbes (gradients) 
caractérisant la teneur en thiol, l’activité des auxines-oxydases et la concen- 
tration en auxines endogenes le long de l'axe radiculaire. L'évaluation du 
taux en auxines extractibles et actives a été faites d’après des publications 
antérieures (Pilet, 39, 40, 41). 

Les résultats reportés dans la Fig. 3 autorisent les remarques suivantes: 


1. La coiffe peut être caractérisée par a) une faible teneur en —SH b) une 
forte activité des systèmes auxines-oxydasiques c) une faible concentration 
en auxines endogènes 


2. Le méristème, par contre est riche en —SH, ses auxines-oxydases sont 
très peu actives et il contient une forte quantité d’auxines. 


3. Ilest plus difficile de caractériser, d’une façon aussi simple, les régions 
qui viennent immédiatement après la zone méristématique et qui correspon- 
dent, partiellement du moins, à la zone d’élongation. Cette «Streckungszone» 
des auteurs allemands ne saurait être définie aussi sommairement. Nous 
avons d’ailleurs tenté (56), en nous basant particulièrement sur des données 
bio-électriques, d’en établir les propriétés. Il n’en reste pas moins que la 
première région (3—6 mm) qui fait incontestablement partie de la zone 
d’allongement doit être considérée, en termes biochimiques, comme une zone 
intermédiaire qui fait immédiatement suite à la région méristématique. Ainsi 
sa teneur en —SH est-elle encore importante (voir 13), comme sa concentra- 
tion en auxines. L'activité de ses auxines-oxydases y demeure toujours faible 
et à ce triple point de vue, cette zone est encore très proche du méristème. 
Mais on sent que des boulversements bio-chimiques se préparent et annon- 
cent déjà les zones basales: le taux en composés sulfhydrylés baisse, comme 
aussi celui des auxines, alors que l’activité des auxines-oxydases a tendance 
à s’accroitre. Il apparaît donc nettement que la zone d’élongation n’est pas, 
si l’on s'appuie sur des considérations d’ordre biochimique, aussi différente 
de la zone méristématique qu’on pourrait le penser. D’autres critères semblent 
nécessaires pour distinguer ces deux régions fondamentales de la racine. 


Une seconde remarque paraît utile. Il est apparemment facile d'établir 
une relation entre la teneur en auxines et l’activité des auxines-oxydases, 
puisque là où les ces enzymes sont actives (tissus âgés), la teneur en auxines 
y est minimum. Pourtant si l’on conçoit nettement qu’en vieillissant, un 
tissu contient de moins en moins d’auxines, on pourrait trouver une contra- 
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Figure 3. Comparaison entre la teneur en SH, l’activité des auxines-oxydases et la con- 
centration en auxines extractibles (Racines de 18 mm). 


F. Fragments de 3 mm de longueur, comptés à partir de la pointe. 
VM. Valeur mésoxalique. 
AO. Activité des auxines-oxydases exprimée en ug d’ABIA détruits pendant 60 min et 
pour 0,1 mg de protéines N. 
A. Teneur en auxines extractibles actives (test Avena modifié) en ug pour 100 mg de 
poids frais. 


diction avec nos observations antérieures qui nous permirent de conclure à 
l'enrichissement en hormones des racines vieillissantes (39, 41, 45). Remar- 
quons que la racine est un ensemble de tissus tout d’abord et il nous paraît 
soutenable d'admettre que l’accumulation des auxines dans un organe âgé 
peut dépasser l’inactivation accélérée de ces hormones. Il y aurait la un 
important sujet de recherche qui permettrait d'établir dans quelle mesure 
un tissu détruit et met en réserve les hormones qu'il contient. D'ailleurs 
l’activité même des auxines-oxydases, pour des régions déterminées, subit 
d’amples variations avec l’âge des racines (51). (Pour les problèmes plus 
directement liés à l’étude des relations entre croissance des racines et pheno- 
mènes auxiniques, on se rapportera à deux récentes mises-au point de Bur- 


strôm, 6, et de Torrey, 69.) 
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Tableau 3. Activité des auxines-oxydases en presence de DCP, DNP et DNC 
(racines de 18 mm). 


a ug abia détruits/60 min/0,1 mg protéines N 
Fragments (mm) | BEE : ART de Le ce LE = 
comptés à partir | 1.10=62M vlog 
de la pointe | 1.10—co M DCP DNP DNC 
60,5 5) 6,0 7,8 8,7 8,5 
0,5— 3,0 2,4 8,9 11,2 13,4 
3,0— 6,0 3,9 99 10,2 10,9 
6,0— 9,0 7,2 15,1 14,9 17,6 
9,0— 12,0 9,6 18,6 21,1 22,2 
12,0— 15,0 10,3 20,1 22,4 2159 | 
15,0—18,0 12,7 21,6 24,4 | 24,6 | 


D. Stimulation de l’activité des auxines-oxydases et —SH 


L'activité des auxines-oxydases augmente fortement en présence de 2-4-di- 
chlorophenol (DCP), de 2-4-dinitro-phenol (DNP) et du 4-6-dinitro-o-cresol 
(ou 2-méthyl-4-6-dinitrophenol) (DNC). Cette stimulation, ainsi que nous 
l’avons montré ailleurs (49) dépend de la concentration (ici, dans ces essais 
nous n’utiliserons que la dose de 1:10-6 M), mais, ainsi qu’on peut le voir 
dans le tableau 3, cette stimulation dépend aussi de la région de la racine 
étudiée. 

Ces considérations nous ont engagé à reporter le °/o de stimulation d’ac- 
tivité auxines-oxydasiques par les trois substances précédentes et à comparer 
ces valeurs avec la teneur en —SH des régions équivalentes. Les résultats 
consignés dans la Figure 4 nous place devant un fait essentiel: la stimulation 
de l’activité des auxines-oxydases par certains composés phénols est d'autant 
plus forte que les tissus sont plus riches en fonction thiol. 


E. —SH et âge des racines 


Il était intéressant de voir dans quelle mesure, et ceci pour des régions bien 
déterminées, variait la teneur en groupes sulfhydrylés de tissus appartenant 
à des racines d’äge variable (c’est-à-dire de longueurs différentes). Les résul- 
tats ont été reportés dans le Tableau 4. 

L'examen des chiffres obtenus autorise les quelques remarques suivantes: 

1. Dans la coiffe, la teneur en —SH, relativement forte pour de très 
jeunes racines diminue au fur et à mesure qu’elles vieillissent. La concentra- 
tion en thiol ne tarde pas toutefois à se stabiliser. 

2. Dans la zone méristématique, les —SH sont abondants en permanence 
et c’est toujours là qu’on rencontrera les fonctions thiols en concentration 
maximum. Cependant, à un certain stade, il semble que la teneur en com- 
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Figure 4. Relation entre la teneur en —SH et la stimulation de l’activité des auxines- 
oxydases par le DCP, DNP et DNC (Racines de 18 mm). 


F. Fragments de 3 mm de longueur, comptés à partir de la pointe. 


VM. Valeur mésoxalique. 
°/o Pour-cent de stimulation de l’activité des auxines-oxydases. 


0/0=(TR—TE) - 100/TE 
Où TE=Témoin et TR=Traité. 
Ces chiffres sont calculés à partir des valeurs figurant dans le tableau 3. 


DCP: 2-4-dichlorophenol. 
DNP: 2-4-dinitrophenol. 
DNC: 4-6-dinitro-o-cresol. 


Concentration de ces substances: 1 - 1076 M. 


posés sulfhydrylés atteint une valeur particulièrement élevée. Il s’agit de 
racines qui mesurent approximativement 18 mm. Or c'est à ce stade la, et 
dans des conditions de croissance identiques, que nous avons observé une 
vitesse d’élongation maximum (39,40), et c'est encore au même stade que ce 
matériel possède des systèmes auxines-oxydasiques dont l’activité est mini- 


mum (51). 
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Tableau 4. Variation de la teneur en —SH en fonction de l’âge des racines. 
Valeur mesoxalique. 


————————————————mpmpgZgZgU EEE 


Longueur des Zones etudiées mm 
racines (mm +1) | Ne fragments |  0,0— 0,5 0,5—3,0 3,0—6,0 6,0—9,0 
3 1 18,2 27,0 er >. 
6 2 16,1 25,1 18,1 = 
9 3 15,3 23.0 16,5 14,5 
15 5 6,0 24,2 18,5 14,0 
18 6 3,7 27,6 19,0 12,1 
21 7 3,0 25.1. 20,1 10,0 
27 9 3,1 20,3 17,2 12,8 
30 10 4,2 21,4 16,4 14,0 
36 12 3,0 20,0 18,0 10,2 
39 13 2,5 21,1 19,2 10,5 
45 15 41 19.2 15,1 10,0 
48 16 4,5 17,4 15,0 7,3 
51 17 3,6 17,9 16,3 8,5 
54 18 2,5 17,0 14,4 8,9 
60 20 2,1 18,3 14,0 7,0 


Il y a la une correspondance de phénomènes qui nous engage à reprendre 
systématiquement la question. 

3. Enfin, pour les autres régions, nous ne nous croyons pas autorisé, étant 
donné les variations obtenues, de conclure à une modification caractéristique 
de la teneur en —SH en fonction de l’âge des racines. 


VI. Discussion 


Les pointes de racines qui offrent à la fois des tissus jeunes et des tissus 
âgés constituent un précieux matériel pour l'étude du vieillissement (Pilet, 
51), problème que l’on peut aborder en considérant par exemple les divers 
gradients physiologiques de long de l’axe radiculaire (Pilet, 44). Or, les 
quelques observations faites dans ce domaine auxquelles viennent s’ajouter 
celles du présent travail concordent très nettement. Qu'il s'agisse, par 
exemple, des différences dans les échanges respiratoires des diverses zones 
de la racine (Wanner, 72; Eliasson, 8), de leur teneur en auxines extractibles 
(Pilet, 41), de leurs réserves glucidiques (Wanner, 73), amylacées (Pilet et 
Margot, 54), en enzymes protéolytiques (Robinson, 62), auxines-oxydasiques 
(Pilet et Galston, 53; Pilet, 46, 49, 51), de leur potentiel bio-électrique (Pilet 
et Meylan, 55) etc., on arrive à la conclusion que chaque zone est caractérisée 
physiologiquement par un ensemble de facteurs dont l’action reciproque ne 
fait aucun doute. 

Qu'il y ait une relation entre auxines-oxydases et teneur en auxines, il est 
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aisé d’en donner une interprétation et on comprend que la où ces enzymes 
sont les moins actives la teneur en hormones y sera plus élevée qu'ailleurs. 

Si Paccumulation des composés à fonction —SH, dans le méristème, n’est 
pas un fait nouveau (Gola, 16; Hammett, 20; Goas, 13) (nous avons précisé 
en fait que l’extrème pointe en était très pauvre, alors que le méristème en 
contenait une quantité maximum), il convient d'établir un parallélisme avec 
une comparable accumulation en auxines. On sait l’affinité que présente 
VABIA pour les protéines dont un des composés peut être de la cystéine 
(Hansch, 26) et on a admis l'édification de systèmes actifs où les fonctions 
thiols jouent un rôle de liaison entre le noyau indole et la masse protéique 
(Bonner, 2): cette formation de complexe auxines-protéines, au niveau des 
groupes sulfhydryles a d’ailleurs été prouvée expérientalement (Marré, 37). 
À ce point de vue, ne soyons donc pas surpris de voir que la zone où il y a 
le plus de —SH est précisément celle où se trouvent le plus d’auxines actives. 

Nous avons montré d’autre part que cette accumulation de fonctions thiols 
correspondait à un minimum d'activité des auxines-oxydases. Là encore, on 
pourrait trouver une confirmation à cette observation, dans le fait que beau- 
coup de composés sulfhydrylés (cystéine et glutathion par exemple) sont des 
inhibiteurs de systèmes oxydasiques (Stern, 65; Richter, 61; Chodat, 7). Ce 
qui nous conduirait à supposer que les —SH, très abondants dans le méri- 
stème, seraient peut-être des facteurs d’inhibition des auxines-oxydases. Cette 
action inhibitrice semblerait être liée à la présence du cuivre ou de fer (29). 
En s'appuyant sur ces considérations il est possible d’entrevoir le rôle parti- 
culier du Mn?* sur les auxines-oxydases (Hillmann et coll., 27; Pilet, 49) 
et on peut penser à l’action directe du Mn?* sur l’activité péroxydasique et 
la genèse des péroxydes (Pilet et Galston, 53). D'ailleurs l'influence des com- 
posés sulfhydrylés sur les phénomènes d’oxydo-réduction est bien connue 
(Oppenheimer et Stern, 38) et si l'application de glutathion et de divers autres 
composés similaires ne semble pas avoir d’effet sur la respiration des tissus 
(Rosenthal et coll., 63), on sait toutefois que les composés à —SH trans- 
formeraient H,O, en oxygène actif (Ghosh, 10) et activeraient l’alcool-des- 
hydrogénase (Schöberl, 64). (Des essais sont en cours pour mettre en évidence 
l’action du glutathion sur les auxines-oxydases.) 

Un autre point mérite encore d’être discuté, il s’agit de l’action de certains 
phénols sur les auxines-oxydases dans les diverses régions de la racine (Pilet 
et Galston, 53, Pilet, 49). On a montré dans cette étude que le maximum de 
stimulation causé par ces corps avait lieu précisément dans les tissus les plus 
riches en —SH. On sait que le 2-4-dinitro-phenol, par exemple, stimule in- 
également l'absorption d’O, dans les diverses régions de la racine (Eliasson 
et coll., 9) et qu’il est probable que ces phénomènes soient lies à l'activité 
des systèmes auxines-oxydasiques dépendant de l'acide ascorbique. Or l'acide 
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ascorbique retarderait l’auto-oxydation de la cystéine et de divers composés 
sulfhydrylés (Holtz, 28) et nous savons d’autre part (Jensen et coll., 31) qu'il 
est particulièrement peu abondant au niveau du méristème où sa présence 
est d’ailleurs liée à celle des acides ribo-nucléiques. Mais la distribution de 
ces corps elle-même n’est pas indépendante de celle des groupes —SH et 
l'on sait par exemple (Turian, 70) que dans le corps paranucléaire, l’acide 
ribonucléique est associé à des protéines sulfhydrylées. Ainsi des relations 
évidentes peuvent être établies entre ces divers gradients biochimiques et si 
les différentes régions de la racine et particulièrement les tissus jeunes et 
âgés sont caractérisés par une teneur détérminée en auxines et une activité 
propre de leurs auxines-oxydases, elles se distinguent encore entre elles par 
une concentration en —SH particulière et toute une série de phénomènes 
qu’on commence seulement à étudier. 

Mais aujourd’hui, si nous ne sommes pas encore capables de bien saisir 
toutes les relations entre ces diverses données qu’on vient d'analyser, on peut 
entrevoir déjà d'innombrables intéractions possibles entre ces gradients qui 
permettront peut-être d'approcher d’une façon plus systématique le probleme 
du vieillissement des tissus. 


Résumé 


Après une description sommaire des techniques relatives à la détermina- 
tion de la teneur en fonctions thiols (—SH), de l’activité des auxines-oxy- 
dases et de la concentration en protéines N des divers tissus constituant la 
racine du Lens, nous avons analysé quelques travaux concernant les relations 
entre —SH, croissance et auxines-oxydases. 

Dans la partie expérimentale de cette étude, nous avons montré d’abord 
que les tissus âges qui constituent l’extrème pointe de la racine (coiffe) 
sont relativement pauvres en —SH, alors que la région méristématique en 
contient une concentration maximum. Des relations très étroites paraissent 
lier le gradient «Thiol» avec ceux qui caractérisent le métabolisme auxinique. 
Ainsi, l’activité des auxines-oxydases est forte dans la coiffe minimum au- 
niveau du méristéme et s’éléve à nouveau dans la zone d’élongation et la 
base de la racine. Le taux en auxines endogènes extractibles est par contre 
très bas dans la coiffe, atteint sa valeur la plus élevée dans le méristème pour 
décroître ensuite sensiblement. 

La stimulation de l’activité des auxines-oxydases provoquée par l’applica- 
tion du 2-4-dichlorophenol, du 2-4-dinitrophenol et du 2-methyl-4-6-dinitro- 
phenol, est d’autant plus forte que le tissu analysé est plus riche en —SH. 
En fonction de l’äge des racines (ou plus exactement de leur longueur), les 
SH paraissent ne pas varier beaucoup dans la zone d’élongation et les regions 
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basales de la racine, par contre la teneur en composés sulfhydrylés dans la 
coiffe, forte dans les premiers stades de la croissance baisse rapidement 
tandis qu'elle augmente très lentement dans le méristème pour atteindre un 
maximum lorsque les racines mesurent approximativement 18 mm. 

Nous avons finalement discuté les diverses relations qu’on peut établir 
entre —SH, auxines et auxines-oxydases et tenté d'établir un parallélisme 
entre ces gradients et d’autres gradients physiologiques relevés le long de 
l'axe de la racine. 


Summary 


After a short description of the various techniques concerning the deter- 
mination of the thiols functions (—SH), of the activity of the auxins-oxidases 
(IAA-ox) and the protein-N content in the different tissues of Lens roots, the 
analysis of a few experiments on the relations between —SH and growth 
and JAA-ox, is attempted. 

1. The older tissues which make up the tip of the root (root cap) are com- 
paratively poor in —SH groups, whereas the meristematic region (young 
cells) contains a maximum concentration of them. 

2. The activity of the IAA-ox is strong in the root cap, in minimum in the 
meristem, rises again in the elongation zone and the base of the root. 

3. The content of endogenous auxins (activ part of the auxins extractable 
by CHCI,) is very low in the root cap, reaches its highest value in the meristem 
to decrease notably thereafter. 

4. Hence the following summary: 


Biochemical : Elongation “ 
gradients Root cap Meristem Bene Basis 
—SH minimum maximum average (|) average ch 
IAA-ox. maximum minimum average (4 average (|) 
Auxins minimum maximum average (4 average (4) 


5. The stimulation of the IAA-ox. activity, produced by the application of 
(1:10-6 M) 2-4 dichlorophenol (DCP), 2-4 dinitrophenol (DNP) and 4-6 di- 
nitro-o-cresol (DNC) is all the stronger as the tissue is richer in —SH. 

6. Evenif the concentration of —SH does not appear to vary for the basal 
region of the root relative to their age (different lengths), it strongly decreases 
in the root-cap and falls sharply to attain a minimum value before it in- 
crease in the meristematic zone. 

7. The probable biochemical relations between —SH, activity of TAA-0x. 
and the endogenous auxin content are discussed. 

Ce travail a pu être réalisé grâce à l’appui financier du Fonds national suisse 
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Various means have been attempted for breaking dormancy in buds of 
Fagus silvatica, since Jost in 1894 demonstrated that light was occasionally 
able to bring beech out of its winter rest. Klebs (1914) used continuous illu- 
mination and thereby obtained uninterrupted growth. Gassner in 1926 de- 
scribed the effect of hydrocyanic acid in causing the buds to unfold the 
leaves in Fagus, Quercus, and Alnus (see also Gassner and Heuer, 1927). In 
1928 Denny discovered the effect of ethylene chlorhydrin, and in 1945 he 
composed a dormancy breaking mixture “Rindite” consisting of: anhydrous 
ethylene chlorhydrin (7 parts by volume), ethylene dichloride (3 parts), and 
carbon tetrachloride (1 part). Rindite has been used in breaking dormancy 
of a number of plants, but as far as I am aware not of Fagus silvatica. 

The experiments in dormancy started off at the end of 1955 with some 
preliminary investigations on the effect of Rindite and its three constituents. 
Branches of beech 80—100 cm long and twigs 10—15 cm long were used as 
experimental material. It was soon discovered that both ethylene chlorhydrine 
and ethylene dichloride were individually less effective than Rindite, and 
that carbon tetrachloride alone was ineffective. In some preliminary experi- 
ments it was possible to establish an amount of Rindite which could break 
the dormancy of the buds of beech. When defoliation commenced in October 
1956, the experiments were repeated with small beech trees. During the sub- 


sequent 4 months, 3—4 trees were Rindite treated approximately every 
10th day. 


Materials and Methods. The trees, 1 year old, of equal form and size and about 
25 cm high, from the Danish Forest Experiment Station (courtesy by the head, 
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Table 1. Developmental time for Rindite treated trees. 


€ US a LR et 
Leaf colour or Treated October 21st Treated November 4th 
condition when 


ce Percentage of Percenta f 
7eeks to leafin 870 
treated = mg opened buds phe chs to.lealing opened buds 
Greene 7—8 50 3—4 66 
MOHONEME 0... | 4—5 27 4—5 83 
BLOWN nee au | 3 68 3—4 50 
Witheredwr me. 3 48 => — 


Dr. E. Holmsgaard), were planted in 11 cm pots at the end of April 1956. On foliation 
the trees were placed against a north-east wall. With the two first Rindite treat- 
ments, on the 21st of October and the 4th of November (experiment series 1), two 
trees with completely green leaves, two with yellow leaves, two with brown leaves 
and two with completely withered-out leaves were treated each time. In the sub- 
sequent experiments (series 2) leafless trees and trees with intact withered leaves 
were used. After the trees were watered lightly, they were placed in an airtight 
aluminium container of 15 litres capacity. In the upper portion of the container 
there was suspended a cardboard tube, 15 cm long and 8 cm diameter, filled with 
gauze, in which 5 ml of Rindite had been pipetted off. The container was then 
carefully closed and stored at a temperature of 23°C. After a lapse of 24 hours the 
container was reversed 180°, and after a further 24 hours the beech trees were 
removed from the container and placed in a greenhouse at 22—23°C. 


Results. Series 1. All the treated trees did burst into leaf, irrespective of the 
date of treatment, during the period from before defoliation until the middle 
of February, whereas the untreated trees were quite unaffected. The Rindite 
treatment, which took place before and during defoliation, had the effect 
of withering-out and partially defoliating both the trees with yellow and 
those with green leaves, while the trees with brown and withered foliage 
retained their leaves for several weeks. As shown in Table 1, not all the buds 
opened up — on the other hand the buds which did leaf out at all unfolded 
soon after they had started swelling. 

Series 2. Another series of experiments were started where the leaves were 
complete withered. In each experiment, 2—3 trees without leaves and a cor- 
responding number with intact withered leaves were compared. Figure 1 
shows the number of days between the dates of treatment and the time of 
leafing of both the trees without withered leaves (—leaves) and the trees 
carrying withered leaves (+leaves). The trees with withered leaves were at 
the start 3—4 days later in leafing, which is presumably due to the fact that 
the buds were on the whole less developed than in the case of the trees with- 
out leaves when the treatment took place. Apart from the end of December, 
where the curves (Figure 1) meet in a common point, there is a constant 
difference of 1 day in the time of leafing throughout the remainder of the 
period (not shown in full in the figure). At the start of the experiments the 
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15th of November the trees were standing for 3—4 weeks after the Rindite 
treatment, before the buds opened up, but later on the interval between the 
treatment and the opening time became shorter and shorter. The period 
between treatment and leafing was shortest in the case of the trees which 
were treated with Rindite on the 6th of January. 

During the time the buds were opening, or more frequently 3—5 days 
before the buds had opened, adventitious buds grew from the stem or from 
the heaviest branches in the majority of the trees. After the Rindite treatment 
of the 25th of November, both the leaf-bearing and the leafless trees devel- 
oped many adventitious buds. Still more developed after the first treatments 
in October. About half the adventitious buds developed into strong shoots, 
the remainder withered away slowly or fell off at the same time the original 
buds opened. In some cases it appeared as if the development of the adven- 
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ütious buds hampered or even hindered some of the primary buds from 
opening. 

Figure 2 shows the number of buds which had burst into leaves on the 
1st of February, and shows a clear difference in the percentage of buds 
opening in the trees with withered and without withered leaves. 

A commencing root development was observed in the majority of the trees 
simultaneously with or just prior to the loosening of the bud-scales. 


Summary 


Rindite, consisting of ethylene chlorhydrine, ethylene dichloride and car- 
bon tetrachloride, was employed for breaking dormancy of beech. Branches 
and small trees were used. After 2—3 weeks (4 weeks when the treatment 
had taken place just after defoliation) the buds began to open up. In many 
cases there was quite a strong development of adventitious buds prior to the 
leafing of the original buds. 


References 


Denny, F. E.: Chemical treatments for controlling the growth of buds of plants. Ind. Eng. 
Chem. 20: 578. 1928. 

— Synergistic effects of three chemicals in the treatment of dormant potato tubers to 
hasten germination. Contrib. Boyce Thompson Inst. 14:1. 1945. 

Doorenbos, J.: Review of the literature on dormancy in buds of woody plants. Med. 
Landbouwhogeschool, Wageningen. 53:1. 1953. 

Gassner, G.: Neue Untersuchungen über Frühtreiben mittels Blausäure. Zell-Stimul. Forsch. 
2: 121926: 

— und Heuer, W.: Praktische Anleitung zum Frühtreiben von Pflanzen mittels Blau- 
säure. 30 S. Berlin. 1927. 

Jost, L.: Über den Einfluss des Lichtes auf das Knospentreiben der Rothbuche. Ber. D. 
Bot. Ges. 12: 188. 1894. 

Klebs, G.: Über das Treiben der einheimischen Bäume, speziell der Buche. Abhandl. Hei- 
delberger Akad. Wiss., Math.-Nat. Kl. Abh. 3. 116 S. 1914. 


Physiol. Plant., 10, 1957 


PHYSIOLOGIA PLANTARUM, VOL. 10. 1957 


The Apparent Free Space of Vallisneria Leaves 
By 


ANDERS KYLIN 


Botanical Laboratory, Lund 
(Received April 30 1957) 


Introduction 


In a recent paper by Kylin and Hylmö (1957) it was postulated that trans- 
port and uptake of ions within the shoot essentially take place in the same 
way as within the root, ie. as a combination of “passive” and “active” 
mechanisms. The main “passive” or “physical” pathway in isolated plant parts 
is diffusion and adsorption within an “apparent free space” (AFS) or “outer 
space”. This has been established in a number of investigations covering 
roots, storage tissues and coleoptiles, and treating uptake of mineral ions as 
well as that of amino acids and plant growth substances (Hope and Stevens 
1952, Butler 1953, Hylmö 1953, Sutcliffe 1954, Epstein 1955, Birt and Hird 
1956, Johnson and Bonner 1956, Leggett and Epstein 1956, Kylin and Hylmö 
1957). Working with uptake and transport of chloride in leaves of Vallisne- 
ria spiralis, Arisz and Sol (1956) were, however, unable to recognize an AFS. 
Since their experiments were so far the only ones concerning an assimilating 
shoot system, it seemed important to reinvestigate their material. The pre- 
sent paper contains figures showing the presence of an outer space in Val- 
lisneria, together with a discussion of why this could not be detected by the 
previous workers. For a more thorough treatment of the theoretical problems, 
the reader is referred to the paper by Kylin and Hylmö (1957). 


Materials and Methods 


Most of the experiments were performed with Vallisneria gigantea Graebn., but 
for checking purposes a few series have been made also on Vallisneria spiralis L. 
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The plants were taken from a pond in one of the greenhouses of the Botanical 
Garden. Healthy and uniform parts of the leaves were chosen and cut in suitable 
lengths, and the pieces — corresponding to 25—35 g fresh weight — were placed 
in an all-glass aquarium containing 4 L. of continuously aerated nutrient solution. With 
daily changes of solution they were then left for three days in a thermostat, receiving 
permanent light of about 9000 lux from incandescent bulbs with a heat-absorbing 
layer of streaming water. In a few cases, where the experimental time was 24 hours 
(table 4), the material was subjected to only two days of this pretreatment. — As 
for the influence of the size of the leaf pieces, reference is made to table 3. 

The nutrient solution contained 1 mM-Ca(NO,),, 1 mM-KH,PO,, 0.5 or 1 mM- 
K,HPO,, 1 mM-KCl or 0.5 mM-CaCl,, 0.5 mM-MgSO,, 0.01 mM-Fe-versenate, 0.1 uM- 
MnSO,, and 0.1 uM-H,BO,, all compounds of certified purity. The lower addition 
of K,HPO, gave a pH of about 6.5, the higher addition about 6.85, both of them 
stable within 0.1 unit; the buoyancy of the pieces may have been somewhat less in 
the former case. With KCl instead of CaCl, they showed a tendency to develop a 
reddish shade — probably due to formation of anthocyanin — but with all these 
pretreatment variations the plasmatic streaming remained unimpaired, and no dif- 
ferences due to them could be observed in the uptakes measured. It should be noted 
that excepting figure 2 and table 3, all experiments recorded within a single figure 
or table received the same solution during the pretreatment. 

During the experiments proper the uptake and loss of labelled sulphate have been 
measured. Material corresponding to 1—2 g. fresh weight was placed in 100 ml. of 
solution. Rapid handling was ensured by the use of a plastic (Bonoplex) tool, con- 
sisting of a perforated disc with a handle, which made possible the simultaneous 
transfer of all the pieces of a replication. During transfers excess solution was lightly 
wiped off, and at the end of the experiment the bits were firmly pressed between 
sheets of filter paper and rapidly weighed to the nearest 0.01 g. All solutions and 
other experimental conditions were the same as during the pretreatment of the 
experiment, except for the variations indicated in the headings of the tables and 
figures. 

The labelling was performed by adding a suitable amount of carrier-free radio- 
sulphate from the Radiochemical Centre, Amersham. The total activity contents of 
the material were determined after wet combustion and precipitation of the radio- 
activity as BaSO, under conditions giving samples of standard weight and area 
(Kylin 1953). From the analytical data the AFS has been obtained by time differen- 
tiation and extrapolation, either from uptake values (method I: figure 1, zero time) 
or from the loss of activity (method II: figure 1, 120 minutes). In doing this all 
single points represent the mean of two determinations. The tabulated values of the 
outer space are expressed as per cent of the leaves on a weight/weight basis; the 
specific weight of the Vallisneria leaves is about 0.92. 


Experiments 


A general picture of the time course of uptake and loss of labelled sulphate 
in the two Vallisneria species is given in figures 1 and 2. After a rapid initial 
phase of incorporation follows a slower process, which proceeds at a fairly 
constant rate throughout the experimental times used. If the leaf pieces are 
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Figure 1. The uptake.of labelled sulphate by leaf pieces of Vallisneria. Experiments in 
light; complete nutrient solution with 0.5 mW-MgSO4. MD V. gigantea. © © V. spiralis. 


Filled symbols: radioactive solutions; empty symbols: no radioactivity. — — — samples 
taken through three changes of inactive solution. ...... extrapolations. Counts/g. as 
measured during 15 minutes on a scale of 64. 1.00 ml solution=1,000 counts. — For the 


sake of clarity only the curve for V. spiralis has been drawn to origo and provided with 
an extrapolation according to method ‚ll. 


again transferred to inactive solutions, there is a rapid loss of part of the 
sulphur taken up, succeeded by a slow but significant continued leakage of 
activity. 

Figure 2 and tables 1 and 2 amplify and extend the above statements as 
regards V. gigantea. The amount of solution corresponding to the sulphate 
taken up or given off during the rapid process is independent of light and 
temperature conditions (figure 2), sulphate concentration (table 1; cf Butler 
1953, Kylin and Hylmö 1957), and selenate treatment (table 2; cf. Epstein 
1955, Leggett and Epstein 1956). Thus the criteria on the presence of an 
outer space with a purely physical uptake are fulfilled. On the other hand, 
the slow absorption mechanism is dependent upon the external conditions 
(figure 2), and must consequently contain a metabolic component. 

Since the values of the AFS are low, special care must be taken to ascertain 
that the figures are not due to contamination artifacts. A pure surface con- 
tamination seems excluded, since there is a time lag as long as from 5 to 10 
minutes before the rapid uptake is completed (V. spiralis, figure 1; V. gigan- 
tea, figure 2). A special control experiment, using comparable glass surfaces, 
also indicated that this error cannot possibly exceed 0.5 per cent units. 

A more complicated source of error, however, may arise from infiltration 
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Figure 2. The uptake of labelled sulphate by leaf pieces of Vallisneria gigantea under 


various conditions. Complete nutrient solution containing 0.5 mAM-MgSO4. © light, 23°C. 


pH 6.85; ® darkness, 23°C, pH 6.85; M darkness, 11°C, pH 6.5; - - -- extrapolations. Counts/g 
as measured during 15 minutes on a scale of 64. 1.00 ml solution —1.000 counts. — For the 


sake of clarity only one of the curves has been drawn to origo. 


of the rather big intercellularies, thus producing a false impression of an 
outer space (for an anatomical description, see Solereder 1913). Such infiltra- 
tion is commonly observed along cut edges of the leaf pieces. although the 
liquid seems to be drawn out again during the final wiping. An error due to 
this cause, however, must be expected to occur. especially where the relative 
length of the cuts is considerable. Table 3 presents a comparison from this 
point of view of the material available. 

One centimeter pieces with an extra longitudinal cut evidently have a 
greater AFS than the other categories, and this high value is probably due 
to a severe opening of the intercellularies. Lower values are obtained when 
only transverse euts are made, and in this case there are no differences 
between pieces measuring 1.5 cm. and those with a length of 3 cm. If infiltra- 
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Table 1. AFS of Vallisneria gigantea leaves at different concentrations of sulphate. 


Method I: extrapolations according to figure 1, zero time. 
Method II: = Er = 1, 120 minutes. 


EEE 


AFS (per cent, weight/weight) 


mM-sulphate 


method I | method II 
0.05 8.9 5.6 | 
0.5 6.3 5.3 | 
5 7.0 6.5 


Table 2. AFS of Vallisneria gigantea leaves at 0.5 mM-sulphate with and without 
selenate treatment. 


Method I: extrapolations according to figure 1, zero time. 


Method II: es: 2% a 1, 120 minutes. 
1 mM-Na,SeO, AFS (per cent, weight/weight) 
Pretreatment, 120 min. | Experiment proper Method I Method II 
= = 8.3 | 6.2 | 
= ot 7.8 | 5.0 
“I = 8.3 | Not determined 
+ + hed | Not determined 


Table 3. AFS in leaves of Vallisneria gigantea as influenced by the size of the pieces. 
Determinations in 0.5 mM-sulphate according to method I (cf. figure 1, zero time). 


| Leaves longitudinally | Mean length of the AFS (per cent, | Number of 
| divided pieces (cm) weight/weight) | determinations 
| er 1 10.7 | 1 

= 1.5 7.8 + 0.5 7 

— 3 7.3 + 1.3 3 


tion had contributed significantly to the outer space measured here, the longer 
pieces would have shown a further decrease of the AFS value. Consequently 
it is possible to state that the source of error under discussion does not play 
any important part in the present material, if the one series of 1 cm. pieces 
is excluded. — In the case of V. spiralis only leaf pieces of 3 cm. have been 
used. 

Using chloride, Arisz and Sol (1956, table 19) were unable to show any 
leakage during 30 minutes of washing after an absorption period of 24 hours. 
With labelled sulphate the present material shows considerable losses of 
activity in corresponding measurements (table 4), which results are generally 
consistent with the short-time series recorded above. It is, however, impos- 
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Table 4. Loss of labelled sulphate from Vallisneria leaves after absorption periods of 
24 hours. Complete nutrient solution with 0.5 mM-sulphate. After the absorption period 
the washed pieces were taken through three changes of inactive solution during the following 
30 minutes. 
TEE EEE 


Treatment Radiosulphur, mol/g fresh weight 
Radioactivity, 24 hours | Washing, 30 minutes V. gigantea | V. spiralis 
Sr — 0.165 0.244 
ts ae 0.111 0.195 
Loss during washing 0.054 | 0.049 


sible to distinguish between the rapid and the slow process from the values 
of table 4, since in each case only two points have been determined, which 
does not allow an extrapolation to be made. 


Discussion 


From the experiments accounted for above, one must conclude that Val- 
lisneria leaves contain a free outer space where sulphate uptake is determined 
chiefly by diffusion. The presence of adsorption sites are not indicated, either 
by experiments at different sulphate levels (table 1) or by the selenate series 
(table 2). There is, however, a difference between the AFS values for V. gigan- 
tea as derived from the two methods applied. Excluding the values for longi- 
tudinally divided pieces, where infiltration of the intercellularies contributes 
significantly to the outer space (table 3), extrapolations in connection with 
uptake (method I) give a mean of 7.7+0.8 per cent for 10 independent deter- 
minations, whereas the corresponding figure for radiosulphate losses (method 
II) amounts to 5.7+0.6 per cent for 5 series, the latter consistently giving 
lower results than their analogues. — The few series available on V. spiralis 
have given a value around 4.5 per cent for both methods (figure 1). 

The reason for the above difference between the two methods — which 
has not been found in wheat roots (Kylin and Hylmö 1957) — is not quite 
clear. In spite of the negative results on the presence of adsorption sites, it 
may possibly depend upon a difference between the apparent free space as 
localized in the cell wall and as present in the cytoplasm (Arisz 1956, page 
55), the amounts incorporated in the latter case being difficult to remove; 
further experiments are, however, required on this point. 

The value of the outer space in Vallisneria leaves is definitely lower than 
in isolated roots of barley (23 per cent; Epstein 1955) or wheat (18 per cent; 
Kylin and Hylmô 1957). This is probably due to anatomical reasons; from a 
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theoretical point of view the interesting thing is that such a free space does 
occur. The question thus arises why the Groningen school, headed by Arisz, 
has not been able to recognize its presence in their experiments. 

When distinguishing between the active and passive components of uptake 
or transport, it is essential to work under conditions where the two types of 
mechanisms cause about the same quantities of substance to be incorporated 
or translocated (Kylin and Hylmö 1957, page 478). This is necessary, since 
from an experimental point of view it is difficult or impossible to distinguish 
a small amount from a big amount as a difference. The figures for chloride 
uptake presented by Arisz and Sol (1956) indicate that metabolic absorption 
is extremely strong in this case, thus making it impossible to determine the 
outer space from their figures. The active uptake of sulphate in the present 
material, which is pretreated so as to be as far as possible in a steady state 
equilibrium with the experimental solutions, is far less intense than the 
chloride uptake in the low salt plants of the Groningen school; this difference 
has made possible the determinations of the AFS carried out here (cf. table 19 
in Arisz and Sol 1956 with table 4 of the present paper). 

According to the experience of the present author, 8 pieces, 2.5 cm. in length, of 
V. spiralis leaves as used by Arisz and co-workers should represent a fresh weight 
of 0.6—0.7 g. Using the higher value and applying a figure of 4.5 per cent for 


the AFS (figure 1), one finds that the passive uptake should correspond to 
39.5 X 0.7 X 4.5 


ug, or approximately 1.1 ug chloride from 1 mM-KCl, and to 


100 
11 ug from a 10 mM solution in the type of experiments performed by Arisz and 
his co-workers. The total — chiefly metabolic — uptakes measured are usually of 


the order of 50—400 ug (Arisz and Sol 1956, figures 2—4, table 19), and under 
these circumstances there are evidently no possibilities of detecting any passive 
uptake within an outer space, especially as the experimental times are rather long. 


Using another line of evidence, Arisz and Schreuder (1956 a and b) claimed 
that a free space of the cell walls does not participate in chloride translocation 
in leaves of V. spiralis, since uptake and transport diminish when the leaves 
are subjected to conditions of high transpiration. From an ecological point of 
view, the present author is a priori inclined to share this opinion as far as 
movement in the longitudinal direction of submersed plants is concerned. It 
should, however, be pointed out that in the case of Vallisneria a small in- 
crease of “passive” translocation could easily be covered by a big decrease in 
the output of the “active” or “symplasm” mechanism, which is here strongly 
influenced by the adverse conditions during water stress (Arisz and Schreu- 
der, 1956 b). — Using wheat, a passive translocation of sulphate influenced 
by transpiration has recently been demonstrated (Kylin and Hylmö, 1957), 
thus confirming the results of Hylmö (1953) on peas. Brouwer (1956) has 
shown the presence of such a mechanism also in Vicia Faba. 
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It should be noted that there may be also other cases where the presence 
of an outer space cannot be detected. Butler (1953) could thus use mannitol 
to determine the AFS of wheat roots, but during experiments by Burström 
with saccharose it proved impossible because the invertase activity of the 
epidermis cells is so strong that there is never time for the sugar to diffuse 
into the free space before it is hydrolyzed (Burström 1957). Generalizing, 
one can thus state that the existence of an outer space is well established 
although its significance in uptake and translocation processes will depend, 
from «a quantitative point of view, upon the experimental conditions in the 
special case. 


Although the present paper is mainly concerned with the problems of the 
apparent free space, a few features of the “active” uptake of sulphate in 
V. gigantea leaves should also be pointed out. Light has thus a retarding 
influence (figure 2), whereas Arisz and Sol (1956) demonstrated a strongly 
accelerating effect upon chloride accumulation in V. spiralis. — On prolonged 
treatment by inactive solutions there is a slow but continuous loss of “actively” 
incorporated sulphate (figure 1). Such losses could not be observed by 
Epstein (1955) or Leggett and Epstein (1956), but were discussed as the 
reason for extrapolation errors by Kylin and Hylmö (1957). Over the experi- 
mental times and under the conditions used here such errors do not seem to 
arise, since the uptake curves are rectilinear (V. spiralis — figure 1: V. gi- 
gantea — figure 2). 


Summary 


The apparent free space of Vallisneria gigantea leaves has been determined 
by radiosulphate, using two different methods of extrapolation from the 
curves of absorption and loss. The values obtained are 7.7 € 0.8 per cent and 
5.7+0.6 per cent respectively on a weight/weight basis. In V. spiralis the 
value is about 4.5 per cent. Earlier results of others, failing to recognize this 
passive uptake, are discussed and explained: an extremely strong metabolic 
accumulation of ions made it experimentally impossible to distinguish the 
ion quantity representing the outer space. — As for active sulphate uptake. 
light has a retarding influence. The protoplasts loose actively accumulated 
radiosulphate in a slow process when the leaves are again transferred to 
inactive solutions. 

The author wishes to express his sincere gratitude to Professor I Burström and 
Docent B. Hylmö for their interest and helpful suggestions, to Mr G. Hagman for 
cultivating the Vallisneria plants, and to Mr S. Pettersson for counting some of the 


samples. 
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Introduction 


It is well known that plant tissues hydrolyze sucrose in amounts exceeding 
those consumed, and the excess of hexoses appears in the external medium. 
This was first shown with wheat roots (Burström 1941a), and evidence 
was presented that the hydrolysis takes place on the surface of the cytoplasm 
in contact with the external medium and not ecto-enzymatically. 

The same phenomenon was studied simultaneously by Said (1942) on 
carrot and radish root slices but without proofs of a true surface activity. 
Dormer and Street (1949) assumed that it is connected with phosphorylation. 
Rothstein and collaborators (cf. Rothstein and Hayes 1956) have published 
a series of papers on the sucrose splitting of yeast likewise locating it to the 
cytoplasmic surface. They tentatively assume that blocked by uranyl ions 
the reaction is bound to carboxyl groups. Pointing out that maltose is not 
hydrolyzed Said (1950) concluded that the active enzyme is a y-fructosidase. 
Wheat roots, on the contrary, indubitably hydrolyze also maltose (Burstrôm 
1941 a), and this reaction was regarded as an acid hydrolysis. 

Reactions located to the cell surface are well known from micro-organisms 
(Alexander 1956). The concept of a free space in the roots available to the 
external solution outside the selectively permeable barrier (Hope and Stevens 
1950, Hylmö 1953) sheds a new light on such surface reactions, which may 
be of greater importance in higher plants than usually realized. For this 
reason the problem of the sucrose hydrolysis has been taken up for a study 
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again. First of all experiments have been conducted in order to find out how 
closely the reaction follows quantitatively the size of the tissue surface. 
Roots are favourable objects for such a study, because their surface can 
be varied without any encroachments on the tissues, simply by changing the 
degree of root hair formation. 


Root hair growth is very sensitive to the composition of the external 
medium (Ekdahl 1953); three growth factors have been employed in the 
present investigation in order to vary the root hair growth, viz., additions 
of 2,4-dichlorophenoxy-isobutyric acid or phenylboric acid, or by varying 
the Ca-supply. 

The two organic compounds are known to increase root elongation, which 
automatically means a decrease in the number of root hairs per unit surface; 
Ca is the dominating natural root and root hair growth regulator. 


Methods 


Seeds of Eroica wheat were sterilized and the seedlings grown for 3 days under 
aseptic conditions according to Almestrand (1949) in 1-liter flasks each containing 
15 seedlings, at 22°C and darkness. The composition of the basic nutrient solution 
was Ca(NO,), 1/2000, KH,PO, 1/2000, Na,HPO, 1/2000, MgSO, 1/4000, and Fe- 
versenate 1/20,000 M. 

The sucrose inversion tests were carried out in 100 ml. Erlenmeyer flasks con- 
taining 25 ml. of a sterile-filtered solution. The standard composition of the test 
solution was KH,PO, 1/2000, Na,HPO, 1/2000, and sucrose 1/1000 M; the pH 
amounted initially to 7.0 and decreased during the tests to about 6.7 

At the starting of the tests the plants were lifted up out of the solutions, about 
10 mm. of the root tips were cut off and discarded, and the next segments of about 
15 mm. cut off for the tests. These segments were transferred successively into two 
beakers of sterile, distilled water for rinsing the surfaces and then into the test 
solutions, in routine experiments 5 segments in each flask. In preliminary experi- 
ments both the number and length of the segments were varied (Figure 1). All 
these operations were carried out under fully aseptic precautions. The segments 
were handled with the utmost care in order to avoid mechanical damages. The tests 
were run in quadruplicate. The flasks were placed in darkness at 22°C for 24 hours 
on a shaking table in order to insure a slight stirring of the solutions. 

The tests were finished by filtering off the root segments and immediately deter- 
mining the reducing sugars and sucrose in the solutions according to Philipson 
(1943). The lengths of the segments were measured, and 20 segments of each treat- 
ment were subjected to a microscopical examination. This involved the measure- 
ment by means of an ocular micrometer of root diameter and root hair length (with 
a magnification of 60 diameters), length and breadth of the epidermal cells (X 240), 
and root hair diameter (600). Measurements were usually made on 240 randomly 
chosen cells, 12 on each segment. The largest errors were found in the root hair 
lengths, which varied between roots and between days, in spite of all efforts to keep 
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the cultural conditions constant. The root hairs, however, are too sensitive to environ- 
mental changes. 

From these figures the surface of the epidermal cells and the root hairs is easily 
computed. If not too small the root hairs can be regarded as ideal cylinders. One 
approximation was made: it was assumed that every second cell bears a root hair, 
which is statistically correct (Burström 1941 b). 

The results are computed in umol of sucrose on 100 mm?. of total surface. — 
Segments chosen in this way have stopped growing, and the same holds true of the 
root hairs. 


Results 


One source of error in tests with root segments is the wound effect of the 
cut surfaces. Here cells are cut open; even if the segments are rapidly 
rinsed, it cannot be avoided that the external solution comes into contact 
with the interior of cells. This may constitute an error in a study of effects 
localized to the intact surfaces. This wound effect was studied by comparing 
lots of segments ranging in size from 5 to 20 mm. and varying in number 
from 12 to 3 in each flask. The data are collected in Figure 1, showing the 
relation between total length of the pieces per flask and sucrose inversion. 
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Figure 1. The relation between total length of root segments and sucrose inversion, with 
both length and number of segments varied. 
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Figure 2. The relation between root surface and sucrose inversion by roots treated with 
phenylboric acid. Average curve full-drawn; broken curve is the average for roots treated 
with 2,4-dichlorophenoxyisobutyric acid from Figure 3. 


Regardless of the number of cut surfaces, all values fall along one slightly 
concave line. — The shape depends upon the decreasing concentration of 
sucrose, which with the greatest root lengths decreased from initially 25 umol 
to about 8; the rate of hydrolysis estimated from the slope of the curve 
simultaneously decreased from c. 6.5 to 2.8 umol per 50 mm. — It is 
obvious, in any case, that a wound effect or any effect of the cut surfaces 
can be neglected. 

Another error lies in the fact that sugar is partly consumed by the roots, 
probably after hydrolysis, so that the amounts of hexose found in the 
external solution are lower than those actually formed. The sugar uptake 
was deiermined in several series and found to be very small, on an average 
0.19 umol per 100 mm.? root surface. This is less than 10 per cent (c. 8 per 
cent) of the total hydrolysis. These figures are not very reliable, because the 
consumption does not amount to more than about 3 per cent of the added 
sucrose, and the analytical errors of the difference become great. It was 
deemed more advisable to neglect this error than to introduce a rather 
uncertain correction. 
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Figure 3. The relation between root surface and sucrose inversion by roots treated with 
2,4-dichlorophenoxyisobutyric acid. Average curve full-drawn; broken curve is the average 
for roots treated with phenylboric acid from Figure 2. 


Table 1 contains examples of primary growth data of roots treated with 
the two synthetic growth compounds. Both increase the root length and 
the cell length, thus decreasing the number of root hairs. Their length is also 
reduced and consequently the root hair surface. Normally the root hair 
surface is about twice that of the root cylinder, with phenylboric acid they 
are about equal, and with the isobutyric acid the root hair surface is about 
half that of the root cylinder. Minor differences in the morphology occur 
but can be neglected for the moment. In every experiment of these series 
tests were carried out with both 5 and 10 segments per flask. This is the 
reason why in Figure 2 with and without phenylboric acid the values fall 
into two groups for each treatment. However plotted over total root surface, . 
all four groups of values showing the relation between hydrolysis and surface 
fall along one line. A larger number of experiments were made with the 
isobutyric acid (Figure 3) and the result is fundamentally the same: the 
hydrolysis of sucrose is proportional to the root surface, irrespective of 
whether it is varied by varying the number of segments or the root hair 
development within the segments. 
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Table 2. The influence of Ca on root structure and invertase activity. Roots grown at 
two Ca-levels, tested in Ca-free solutions. Average of 12 tests. 


Sucrose hydrolyzed Root surface Root hair length 


Ca in culture 
Cell length p 


solution M #mol/100 mm.? mm.?/100 mm. m 
| : 
| 10—: | 2.45 + 0.08 | 353 232 403 
| 10-4 1.92 + 0.09 398 308 602 


According to these results the inversion of sucrose is strictly a function 
of the root surface. The hydrolytic capacity of the root cylinder surface and 
the root hair surface must be equal. It also follows that the two compounds 
do not change the properties of the cell surfaces in this respect. 

Divergent results were obtained by varying Ca in the nutrient solution 
(Table 2). Ca 10”? M is about optimal for the elongation of both the 
epidermal cells and the root hairs; the root surface is thus larger than at 
Ca-deficiency (1077 M). The sucrose inversion computed from several experi- 
ments is statistically significantly lower at Ca 10~*. However this is most 
certainly due to the Ca-ions themselves. It has been shown that Ca-ions 
decrease the surface hydrolysis (Burström 1941 a), presumably by decreasing 
the negative charge of the cytoplasmic surface; Rothstein and Hayes (1956) 
have restricted themselves to the correct postulation that such should be 
the case. This has been verified (Table 3). It appears from these figures 
that the mere presence of Ca-ions drastically reduces the hydrolysis, of 
course without change in the root surface. A comparison between Ca, ST, 
and Mg present in the test solution has revealed (Figure 4) that they reduce 
the hydrolysis in nearly the same way, although Sr and Mg do not change 
the root structure in the same manner as Ca does. These cationic effects will 
be studied more thoroughly. In any case, it is a fair assuniption that the 
lower rate of hydrolysis in roots supplied with Ca depends upon the mere 
presence of Ca in the cytoplasm, not upon the root structure. 

These results underline the conclusion that the organic growth compounds 
tested do not change the specific properties of the cytoplasm, only the size of 
the surface exposed to the external solution. 


Table 3. The influence of the presence of Ca in the test solution. Roots grown and tested 
at two Ca-levels. Sucrose hydrolyzed in umol/100 mm?. 


Ca in test Ca in culture solution M 
solution M 0 | 10—3 
| 0 2.23 + 0.11 | 1.45+ 0.20 | 
| 19=° 0.64 + 0.02 0.69 40.05 | 
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Figure 4. The influence of Mg, Ca, and 
Sr as chlorides on the sucrose inver- 
sion. On the abscissa chloride concn. 
in M. 


0 10-4 10-3 M 


Discussion 


It was concluded (Burström 1941a) as a tentative explanation of the 
hydrolysis that it depends upon the acid charge of the cytoplasmic surface; 
Rothstein and Hayes (1956) likewise connect it with the presence of carboxyl 
groups. This point will be left open for further studies. The interesting result 
with the organic growth regulators is that they profoundly change the 
growth pattern but apparently do not affect one striking cytoplasmic pro- 
perty. The 2,4-dichlorophenoxy-isobutyric acid belongs to the auxin group 
in a wide sense. It has also long been advocated that they act upon the cell 
wall properties (Burström 1942, 1954), an opinion which recently for 
different reasons has been fairly generally accepted (Bennet-Clark 1956, 
Cleland and Bonner 1956). Phenylboric acid, on the contrary, is a more 
peculiar compound (Torsell 1956); there are really no structural reasons 
to include it among the auxins, and its mode of action is wholly unknown. 
It probably has nothing to do with the genuine boron activity either. There 
are also interesting morphological differences between the isobutyric and 
the phenylboric acid-treated roots, which can be specified as follows. 

Both compounds increase the root length practically only by increasing the 
cell elongation. With the iso-butyric acid the roots and the cells become 
thinner and the root hairs much reduced in length (Table 1). These symptoms 
are the opposite of those observed with an auxin excess. With auxins there 
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is usually an inverse correlation between longitudinal and transverse 
stretching. This is less pronounced or lacking with phenylboric acid; the root 
and cell diameters are normal and the root hair length very little reduced, 
in spite of a much greater increase in longitudinal growth ihan with the 
isobutyric acid. Even if the phenylboric acid does not interfere in the auxin 
system, it might also act upon the cell walls, because neither compound 
changes the studied cytoplasmic property. 


Butler (1953) determined the apparent free space in roots by means of 
the uptake of mannitol, which means that the space is accessible to molecules 
of at least hexose dimensions. It could thus be assumed that even sucrose 
should diffuse into the free space of the roots. There it ought to come into 
contact with the surfaces of internal cell layers and become hydrolyzed, 
the hexoses diffusing out again. The time of the experiments, 24 hours, is 
sufficiently long so that such a process should be well measurable. It this 
occurred the hydrolysis should far from parallel the external surface as it 
actually does, hence a hydrolysis in the free space in the interior of the root 
does not take place. Two explanations are conceivable. (i) The surfaces in 
the interior of the root lack the capacity of hydrolysis. This is possible if 
the surface charge or the chemical structure of the cytoplasm is very different 
from that of the epidermal cells, but even for this reason hardly probable. 
(ii) The hydrolysis at the external surface proceeds at such a rate that no 
sucrose ever enters the interior. This possibility can be checked by a rough 
computation. 


According to Butler diffusion equilibrium in the free space may be attained 
after 30 minutes at the most. This tallies reasonably well with known rates 
of diffusion. Kylin and Hymö (1957) give lower figures for sulphate. The 
apparent free space amounts to about 20 per cent of the root volume. In, for 
example, the control roots of Table 1 the volume of a 100 mm. segment is 
22 mm.? At diffusion equilibrium this would contain 0.004 umol, which would 
pass the external surface of 500 mm.? in 10 minutes. Even with a liberal 
computation this means not over 1 umol in 24 hours. However the hydrolysis 
amounted to 10 umols. There is still a margin of 10:1 for the surface 
inversion to prevent intact sucrose in measurable amounts from reaching 
the interior of the root. The free space of the external surface of the epidermis 
is, of course, only a minor part of the total space. 


It must be taken for granted that the free space consists primarily of the 
cell walls as emphasized by Butler (1953) and Hylmö (1953). Whether it 
also extends into the cytoplasm may be considered in the following way. 
Roots can be plasmolyzed in mannitol even if a certain permeation occurs, 
thus sucrose should hardly permeate the selective membranes either. On the 
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other hand, since the inversion ought to be an enzymatic reaction located 10 
the cytoplasm, it is hardly possible that it is bound to the frame-work of the 
cell walls. The active system is accessible to the external solution and must 
by located outside the selective barrier, or in the free space. This means 
that cytoplasm is involved in the free space. It can be argued that only the 
surface of the cytoplasm not its interior is in contact with the external 
solution in the free space. This is probably pure dialectism, when it is 
considered that the thickness of the cytoplasm in these highly vacuolated 
cells is of the magnitude of 0.1 u. — There are reasons for giving general 
attention to enzyme reactions taking place in the free space. 

The rate of hydrolysis varies considerably between different plant materials 
(Burström 19412). Nevertheless the phenomenon studied practically in- 
validates plasmolysis and osmotic determinations with sucrose as a plasmo- 
lyticum, which is common practice, unless it is stated that inversion does 
not take place or can be neglected. 


Summary 


The inversion of externally added surcose by aseptic, isolated wheat roots 
has been studied. The shape of the roots has been varied by additions of 
2,4-dichlorophenoxyisobutyric acid or phenylboric acid. Both increase the 
root elongation considerably. The total surface of the roots including the root 
hairs has been measured. The root hair surface is reduced to one fourth the 
normal figure by the treatments. The rate of sucrose inversion is proportional 
to the total surface, irrespective of the way in which it develops. This 
supports the assumption that the inversion takes place on the external root 
surface only. An inversion in the interior of the root does not occur, 
apparently because the surface inversion is far too rapid. The inversion ought 
to take place in the cytoplasm which is at least partly accessible to the 
external solution, or belongs to the free space. 


The author is indebted to Miss E. Persson for technical assistance and the National 
Science Research Council for economic support. The sample of phenylboric acid 
has been obtained from Dr. K. Torsell, Stockholm. 
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It has earlier been shown that the supraoptimal water deficit of leaves, 
i.e., their water loss above a certain limit, elicits both closure of the stomata 
(hydroactive closure) and a decrease in the osmotic value of the guard cells 
(Stälfelt 1929, 1932, 1955 a). Both on these occasions and later, experiments 
were made to determine whether any causal relation exists between the hydro- 
active closing reaction and the decrease in osmotic value. It was evident 
from these experiments that, although the supraoptimal deficit does, in fact, 
decrease the osmotic value of the guard cells approximately at the same time 
that the closing movement starts, no time difference indicating a causal rela- 
tion between the two processes could be established with certainty. It is true 
that the fall in osmotic value sometimes occurred before the start of closure, 
which might be interpreted as an indication that closure is a result of a 
decrease in the osmotic value. Other observations, however, pointed in the 
opposite direction and suggested that the hydroactive closure is not caused 
by the decrease in osmotic value. Firstly, it was found in one experiment that 
closure occurred without a decrease in osmotic value; in other cases closure 
was complete even though the decrease in osmotic value was small. Secondly, 
it was found that closure proceeded rapidly, whereas the fall in osmotic 
value was usually slow. During the subsequent course of the work, new cases 
of this kind were observed. Yemm and Willis (1954), who also studied this 
question, concluded that it is uncertain “as to how the ‘hydro-active’ move- 
ments are related to the changes of carbohydrate in the guard cells”. It there- 
fore seems probable that the water output of the guard cells does not in- 
variably follow the osmotic gradient, and therefore is not always in agree- 
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ment with the enzyme theory. (For a survey of this and other theories, see 
Stalfelt 1955 b, p. 413.) 

Consequently, if hydroactive closure cannot be explained by the enzyme 
theory, i.e., as a result of changes in the osmotically active substance, the 
explanation must be sought in other phenomena. This may be the diffusion 
processes regulated by the changes in permeability. A hypothesis of this 
nature has been put forward by Kisselew (1925), Linsbauer (1927), Scarth 
(1932) and others, i.e., a transfer of water and solutes between the guard 
cells and neighbours, and between vacuoles and plasma, respectively. This 
may be a secretory process, i.e., a non-osmotic transport of water or solutes 
through membranes “by the use of energy supply other than, or additional 
to, thermal agitation” (Danielli 1954, p. 504). Scarth and Shaw (1951) have 
discussed a contragradient transfer of solutes between guard cells and their 
neighbours, and a contragradient secretion of glucose etc. from the cytoplasm 
into the vacuole. Williams (1954) has postulated such a contragradient trans- 
fer of water to explain the mechanism of the closing movement. Williams 
based his view partly on Weintraub’s (1951) investigation of the movements 
of Mimosa leaves, and their dependence on the contractile vacuoles. According 
to Williams’ view, the closing movement is “an active non-osmotic transfer 
of water from guard-cells to neighbouring cells, possibly mediated by con- 
tractile structures of some type” (p. 345). 

In recent years, a non-osmotic water transport has been demonstrated and 
discussed in several investigations of plant and animal cells (cf. Danielli and 
others 1954). 

The experiments reported in the following were made in order to test the 
hydroactive water output from this point of view. Since the stomatal cells 
can also be closed by other means, e.g. passively, photoactively and by admi- 
nistration of CO,, these kinds of movements were included in the experiments. 
The main object was to test the effect of such cell inhibitors that influence 
the water metabolism of the cells. 


Methods 


The width of the guard cells and its changes is a better indicator of their water 
metabolism than is the stomatal width. In many cases changes take place in volume 
and width, even though the cells do not open. During uptake of water, the cells are 
distended; they are enlarged and dilated. This “tension phase” can be followed if 
the cell width is measured. Not until distension and increase in volume have reached 
a certain limit does the actual opening movement or “motor phase” begin, as 
described earlier (Stälfelt 1929, p. 301). 

In the experiments, both the cell width and the opening width were measured. 
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For this purpose, use was made both of surface sections and of excised pieces of 
leaves 5X10 mm in size. In the latter case, the pieces were placed under the micro- 
scope, and the measurements made according to the immersion method. (If a Leitz 
Dialux is used, the measurements can be made without immersion.) In other respects, 
the methods were the same as those described earlier (Stälfelt 1955, p. 574). 


Experimental 


Effect of sodium azide. — Experiments with surface sections. The width 
of the guard cells and stomatal opening was measured in pieces excised from 
leaves of Vicia faba growing in the open. Surface sections were then cut from 
the leaf when it was still on the plant; some sections were placed in a solution 
of sodium azide (0.01 M, pH 5.9—6.1) and some in distilled water (pH 6.0). 
The measurements were repeated after 15 minutes, and thereafter about 
twice an hour. The results, which are assembled in Figure 1, show that fhe 
contraction elicited by sectioning is partially inhibited by the azide, i.e., the 
azide inhibits the water output of the cells. 

As a rule, the contraction differed in the margin of the section and in the 
centre; sometimes an increase in volume occurred in the guard cells of the 
margin. As shown earlier (c/. Stalfelt 1929, p. 294) these changes are a result 
of the tension between cells and tissues being altered or evened out on sec- 
tioning; in some cells the external pressure is increased and in others it is 
decreased. As a result of these changes, the water is expelled from.the cell 
or is sucked up, the cells thus reacting passively. The difference is usually 
greatest between the marginal cells and the central cells. In addition to these 
changes occurring during the actual sectioning and the minutes directly 
following, the intervention produces changes in the mode of reaction of the 
cells to e.g. CO, and cell inhibitors, as shown by Mouravieff (1953, 1956). 
Similar observations have been made by Williams (1954). 

In view of the occurrence of such changes, experiments were made with 
the object of comparing the reactions in the central cells and in the marginal 
cells. They showed that both kinds of cell reacted similarly to the azide; in 
both cases the decrease in volume, i.e., the water output, was inhibited 
(Figure 2). Thus, the azide is able to inhibit that kind of water output result- 
ing from, e.g., the increased pressure in the cell wall: it inhibits passive 
closure. 

It can be inferred from Figures 1 and 2, as well as from the experiments 
in the following. that the tension phase of the guard cells. i.e., their swelling 
before opening, can be read off from the cell width but not from the opening 
width. The reaction of the guard cells is often apparent only in the tension 
phase, whereas the motor phase does not occur. 
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In experiments of the kind described here, the effect of the azide was 
variable; in some cases it was marked, in others slight and in still others was 
lacking. It was also apparent that these variations were associated in some 

ray with the turgor of the guard cells, the effect being correlated to the 
width of the guard cells and the size of the stomatal opening. The greater 
the width or the stomatal opening, the larger was the difference, i.e., the 
greater the amount of water remaining in the guard cells as a result of the 
azide. The difference between the experimental leaves and the controls also 
showed a relation to the time of day when the sampling was done. Special 
measurements were therefore made continuously from the morning until 
evening on specimens taken directly from plants cultivated in the open. An 
experimental series of this kind is recorded in Figure *3. The weather was 
cloudy and damp, transpiration was weak, and the deficit did not reach such 
high. values that the hydroactive closing reaction could overcome the photo- 
active opening. The changes in stomatal width therefore showed an even 
course. On sampling, the pieces (510 mm) and surface sections were taken 
directly from plants growing in the open, i.e., from the intact leaves without 
cutting them from the plant. At each sampling, several sections were taken 
from the same place on the leaf and were placed in distilled water and azide, 
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respectively. The width of the guard cells and of the opening was then 
measured as described in Figure 1. 

Experiments of this kind showed (Figure 3) that the effect of the azide in- 
creases with the turgor of the guard cells; the greater the turgor, the greater 
the quantity of water remaining in the azide-affected guard cells. When the 
stomata are closed, i.e., when the cells lack turgor, the azide has no effect. 
This relation is still more apparent from Figure 4, showing an experiment 
in which turgor and stomatal width were altered by changing the illumina- 
tion and transpiration. The specimen was a severed leaf which, before the 
experiment, had been kept in darkness and saturated moisture for 12 hours 
and then, during the experiment, exposed to light and a water deficit which 
elicited stomatal closure. Thereafter, the deficit was evened out (by weaker 
illumination and weaker transpiration) at such an early stage that new stoma- 
tal opening could occur within the next few hours. 

Experiments with whole leaves. — Hydroactive closure. The width of the 
guard cells and its changes were recorded by measurements on excised pieces 
of leaves (510 mm). The first sample was taken from leaves of Vicia faba 
growing in the open air, with the leaf still on the plant. When two leaflets 
Physiol. Plant., 10, 1957 


THE WATER OUTPUT OF THE GUARD CELLS 757 


S 0 
= 6) 
= MO 
Ss © =» © ms O O 
= 
5 wet 
BE Pe, 
nn Ps > omy 
= #1 | RN EN 
85 | CONTROL | 27 | IN 
= en! 
sa (ie F à N 
2 O 
= «! 
= 
= 3) 6 
20 
1 
10 Ne, 
ee Sas 
= I + 
= : a Sa pet Ss a 
= > Hal CONTR nn 
So slt) SOIN NE VE 
6 8 10 2 4 16 18 
TIME OF DAY 


Figure 3. Width of guard cells and opening of stomata before (pieces from intact leaves= 

cross) and after (surface sections from intact leaves=dots and circles) excision of surface 

sections. The sections were placed in distilled water at pH 6.0 (circles=controls) and in 

0.01 M sodium azide at pH 5.9—6.1 (dots), respectively. The specimens were taken directly 

from the leaves in the open, on a cloudy day. Vicia faba. — The effect of the azide (i.e. 

the difference between dots and circles=shaded area) rises and falls with the turgor of 
the guard cells (width and opening). 


growing opposite each other had been studied in this way, the leaf was severed 
from the plant. One leaflet was placed with the stalk in distilled water (pH 6.0) 
and the other in sodium azide (0.01 M, pH 5.9—6.1), and both were allowed 
to transpire in diffuse light in the laboratory. Samples (pieces of leaf 
5X10 mm) were taken at 10 to 20-minute intervals for measurement of the 
width of the guard cells and openings; the leaf was weighed each time before 
and after sampling, for calculation of the water deficit. A difficulty associated 
with the experiments is to select illumination and other transpiratory condi- 
tions of sufficient intensity for the deficit to develop at the correct rate. If 
the deficit is increased too rapidly, the time for measuring the guard cells 
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will be so short that there will not be time to make a sufficient number of 
measurements while the stomata are still open. If the deficit is increased too 
slowly, the experiment will require such a long time that the leaf will not 
provide a sufficient number of samples to last until the experiment is con- 
cluded. 

Figure 5 shows an experiment in which the deficit was developed at a 
suitable rate, so that the changes in the guard cells could be followed. When 
the deficit had exceeded the threshold (about 3 per cent) to the supraoptimal 
region, hydroactive closure started in the control leaves; the width of the 
guard cells decreased and the stomata closed, so that no further decrease in 
the water deficit occurred. The leaf that had stood in azide solution did not 
show these changes but the stomata remained open; the deficit reached 
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increasingly high values without any hydroactive closure taking place. The 
increase in width of the guard cells occurring when the deficit has reached 
the optimal values for the stomatal movements (1 to 2 per cent) is of a 
passive nature, i.e., a result of a decrease or cessation of the pressure of the 
neighbouring cells on the guard cells. The experiment shows that the azide 
inhibits the hydroactive water output and closure of the guard cells, and that 
the poison reaches the guard cells already during the first few minutes. 
Photoactive closure. Other experiments were made in the same way as 
that already described, except that the specimen was placed in darkness 
instead of in light (Figure 6). The first measurement was made when the 
leaf was still on the plant in the open. The leaf was then excised and the 
leaflets placed with the stalk in distilled water and sodium azide solution, 
respectively; both leaflets were put in the dark. 
When the experiment was started and the leaf was still on the plant, the 
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stomatal opening was wide and the water deficit about 4 per cent. With this 
deficit hydroactive closure is weak, if it operates at all; in any event it is the 
photoactive opening reaction which dominates over the hydroactive closing 
reaction. Consequently, when the light is cut off, stomatal closure is imme- 
diate (photoactive closure). This occurs in the control leaf but not in the 
experimental leaf; the azide inhibits the photoactive closure. A slight increase 
in the width and opening of the guard cells occurs instead of closure. 

Owing to stomatal opening, transpiration is considerable in the experimen- 
tal leaf; the deficit increases rapidly but, as in the preceding experiment, 
hydroactive closure fails to occur. The leaf in the azide solution quickly loses 
its turgor, droops and dries, but its stomata do not close. 
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The experiments described show that the water output of the guard cells 
— passive, photoactive and hydroactive — is inhibited by sodium azide. They 
do not, on the other hand, provide any information about the mode of action 
of the inhibitor, whether, for example, it acts by causing a disturbance in 
cellular respiration or in some other process. Even if inhibition of respira- 
tion is assumed to be the primary cause, this does not settle the question of 
the effect of respiration on the water metabolism of the guard cells. Respira- 
tion can probably affect the water metabolism in more than one way. The 
actual mechanism of the water output may also vary. (1) It is conceivable 
that the water output takes place with respiratory energy, and that it is 
therefore inhibited when the azide inhibits respiration. In this case, the 
experiments would provide support for Williams’ (loc. cit.) hypothesis. 
(2) The azide effect may be a result of decreased permeability to outgoing 
water. In this case as well, the cause might be a disturbance in respiration, 
since the permeability is determined partly by the plasma structure and this, 
in turn, is dependent on respiration. 

Stomata-closing effect of CO,. Like many other acids and inorganic sub- 
stances, CO, affects the state of the stomatal cells (for literature, see Stalfelt 
1956, p. 409; Mouravieff 1955, 1956 a, b). In light, it elicits the closing move- 
ments and inhibits opening movements, respectively; in darkness, the effect 
may be both opening and closure. 

CO, has some opening effect on leaves of Vicia faba kept in darkness; in 
light, it has the opposite effect. An experiment illustrating this fact is recorded 
in Figure 7. It was performed on two pairs of leaflets, selected so that they 
were initially in agreement with respect to the width of the guard cells and 
stomata. Two leaflets were placed in glass jars with pure atmospheric air, 
and two in air with 3 per cent CO,. The jars were closed and kept in darkness 
for 12 hours. The leaves were then transferred to flat dishes covered by glass 
lids, and exposed to light (18,000 lux). Air and air with 3 per cent CO», 
respectively, was blown through the dishes. Measurement of the width of the 
guard cells and stomatal cells, as well as of the water deficit of the leaves, 
was performed at fixed intervals. The deficit changed little, or only within 
a range of +2 per cent. On the whole, the change was negative, ie., the 
water content of the leaves increased. Such changes are common when leaves 
are exposed to light; the water content often rises and becomes higher than 
it was in darkness aı.d saturated moisture. An obvious prerequisite is that 
transpiration is not excessive. 

The experiment shows that the guard cells of the leaves exposed to CO, 
increase in volume in darkness, but not to such an extent that opening occurs. 
In light, opening does not occur; the change takes place in the opposite 
direction, as shown by the fact that the width of the guard cells decreases. 
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The guard cells of the control leaves open in the normal way. The effect of 
CO, is thus the opposite to that of sodium azide; the former inhibits the 
water uptake of the guard cells, and the latter inhibits the water output. 

The question of the mode of action of CO, can, in this connexion, be con- 
fined to its effect on the osmotic state of the cells. The effect of CO, is due 
either to the fact that it prevents the development of osmotically active sub- 
stance, or that it renders osmosis ineffective. In order to test these alter- 
natives, experiments were made in the same way as that shown in Figure 7, 
but with measurement of the osmotic value of the guard cells in addition. 
Surface sections were placed in a series of mannitol solutions, and the plas- 
molysis value determined after 45—60 minutes. 


Figure 8 shows that the osmotic value rises in the same way in the experi- 
mental leaf as in the control leaf, and that it reaches similarly high values. 
CO, does not inhibit development of osmotically active substance but it 
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makes osmosis ineffective; the water content of the guard cells does not 
increase. 

An increase in the osmotic energy of the guard cells must nevertheless lead 
to an increased uptake of water, unless the osmotic value of the neighbouring 
cells has become raised to a corresponding degree. Earlier determinations 
have, however, shown that the osmotic value of the neighbouring cells is not 
changed by light (Steinberger 1922, Stälfelt 1955). In this case as in so many 
others, an inverse relation exists between the guard cells and their neighbours. 
It was established by the investigations of Weber (1926) on the differences 
between these two kinds of cells that the guard cells differ from the other 
epidermal cells with respect to such factors as metabolism, content of solutes 
and undissolved substances, osmotic changes, nuclear shape, colloid state 
and wall structure. As Weber (1956) has stated, the guard cells are the 
“idioblasts’” of the epidermis. Their properties have been studied by many 
workers (see Imamura 1943, Reuter 1949 and earlier publications, Weber 
1955, Ziegenspeck 1955). From the fact that the cell volume does not increase 
despite an increased osmotic uptake of water, it can be inferred that the 
stomatal cells give off water concurrently with the osmotic uptake. This 
implies that two kinds of water current exist, one flowing inward, driven by 
osmotic energy, and one outward, which is of a non-osmotic or meta-osmotic 
nature (cf. p. 770). CO, hastens the non-osmotic outward current, and thereby 
prevents swelling of the guard cells and their opening in light. 

If this interpretation is correct, thus if CO, promotes the water output of 
the guard cells and sodium azide inhibits the same process, it should be 
possible to show that when both substances are administered simultaneously, 
each cancels the effect of the other. Experiments of this kind were performed 
as follows. Leaves, pre-treated for 12 hours with 3 per cent CO, in darkness 
and saturated moisture, were exposed to light (24,000 lux). After 4 hours, 
one of the leaves was placed with the stalk in sodium azide under otherwise 
unchanged conditions. It is seen from Figure 9 that, immediately after addi- 
tion of the azide, the guard cells swelled and opened; the azide thus inhibited 
the CO, effect — it removed the obstacle to swelling of the cells constituted 
by CO,. 

The components of the hydroactive process. When the hydroactive phase 
of the stomatal mechanism was first demonstrated, nothing was known about 
the processes mediating the effect of the supraoptimal water deficit on the 
guard cells. It was suggested purely hypothetically that it might be a question 
of changes in the osmotic pressure, in the colloidal state or in the permeability 
(Stälfelt 1929). Later investigations showed that the osmotic value of the 
guard cells is diminished by the supraoptimal water deficit (Stälfelt 1955). 

Finally, since the experiments reported here indicate the existence of a 
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Figure 8. Effect of CO: on the relation between cell volume and osmotic value. The 

experiment was performed in the same way as that shown in Figure 7, except that the 

osmotic value of the guard cells was also determined at each sampling. Specimen: a pair 

of leaflets of Vicia faba. — (Os inhibits the increase in volume of the guard cells and 

opening, but not the normal increase in osmotic value in light. The increase in the 
osmotic value of the guard cells does not produce an increase in volume. 


non-osmotic water output, this implies that the water output in the hydro- 
active phase may be of two kinds, i.e., one osmotic (due to a decrease in the 
osmotic value) and one non-osmotic (due to expulsion of free water). Conse- 
quently, when the stomata close hydroactively, the cause may be that one 
or both of these processes come into action. 

As already stated, hydroactive closure occurs rapidly in relation to the 
decrease in osmotic value. It therefore appears probable that it is the non- 


osmotic water output which first comes into effect, and leads to immediate 
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closure of the stomata, the decrease in osmotic value occurring later. The 
latter process can then only settle — or, as Williams (1954) says — “stabilize” 
what the former has brought about. Williams, who presumes the existence 
of a non-osmotic water output from the guard cells, makes this assumption 
to account for the fact that the pattern of response of starch and aperture 
to external conditions appears to differ. He refers to Kisselew (1925), who 
came to a similar conclusion. Williams (1954) postulated that “the ubiquitous 
carbohydrate changes are secondary, ‘stabilizing’ changes, probably not 
directly linked to the main process”. Yemm and Willis (1954, p. 393) expressed 
a similar view. Their experiments indicated that “the conversion of sugar to 
starch may play a secondary role in stomatal movement under conditions of 
high water deficit”. The experiments described in the aforegoing are thus 
in agreement with these views and with Williams’ interpretation. 

To sum up, it can be stated that the supraoptimal water deficit initiates 


several processes which partake in hydroactive closure, or comprise it. Three 
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of them have already been demonstrated (Stälfelt 1929, 1955). These pro- 
cesses can now be summarized as follows: 

1. A water output which is fairly rapidly initiated by the supraoptimal 
water deficit, and which produces complete or partial closure of the stomata; 
the output is probably of a non-osmotic nature. 

2. The actual closure. 

3. .A decrease in the osmotic value of the guard cells; it occurs relatively 
slowly, and produces “stabilization” of the closing movement. 

4. A decrease in the light-sensitivity of the guard cells; this constitutes a 
safety mechanism, which makes these cells disinclined to open during a 
period of which the length is dependent on the size and duration of the 
deficit. 

The hydrophotic regulator keeps the water state (hydration) of the guard 
cells in a dynamic state of equilibrium which changes with the intensity of 
light and water deficit. According to the view put forward earlier (Stalfelt 
1929, p. 327; 1955, p. 501) this equilibrium is determined by two currents 
of fluid, one inward, driven by the photoactive opening processes, and one 
outward, driven by the hydroactive closing processes. Owing to this counter- 
current principle, equilibrium in the system can be rapidly adjusted and 
re-adjusted according to the variations in the light and water balance. The 
scheme of the two counter-currents given earlier can now be completed by 
the non-osmotic component of the hydroactive phase (Figure 10). 

Whether or not the non-osmotic water output in the hydroactive closure 
is reversible is still an open question. According to Mouravieff (1954). the 
guard cells can take up water by “imbibition protoplasmique”, which is 
probably due to a change in pH but is not, on the contrary, caused by an 
increase in the osmotic value. 

The hypothesis of two currents of fluid flowing in opposite directions in 
the guard cells, one of them having a non-osmotic component, explains the 
experimental results described in the aforegoing. (1) It explains the effect 
of sodium azide on the hydroactive, photoactive and passive closing move- 
ments (Figures 1, 2, 5 and 6); in all these cases closure is prevented by the 
azide inhibiting the non-osmotic water output of the cells. (2) It explains 
the antagonism between the azide and CO, (Figure 9); CO, increases the 
non-osmotic water output, the azide inhibits it and neutralizes the effect 
of CO,. (3) Finally, it explains why the effect of the azide apparently follows 
the turgor of the guard cells and increases with it, as shown in Figures 3 
and 4. Part of the water in the cell is expelled by the pressure in the wall of 
the distended cell. When the stomata open, the wall pressure increases, and 
finally becomes so large that equilibrium is attained between the inward and 
the outward current. If azide is added, the output of water is partially 
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blocked; the cells then have a water excess as compared to normal cells 
This excess increases to the same degree that suction continues. The effect 
of the azide can therefore be visible only in cells having some degree of 
turgor; the higher the turgor, the more evident is the effect of the azide. In 
cells lacking turgor, the effect of the azide cannot be manifested, since such 
cells do not expel any water. 


Discussion 


The participation of a non-osmotic component in the water metabolism 
of the cells has been demonstrated in several connexions, or has at any rate 
been discussed, with respect to both the water uptake of the cells and the 
water output. 

A. Mammalian tissue. Robinson (1950 a, b) has shown that slices of the 
renal cortex of rats swelled in solutions containing cyanide or 2,4-dinitro- 
phenol, but regained their normal volume when the poison was removed. 
The water content of the slices varied inversely with their oxygen consump- 
tion over the whole range from normal respiration to complete inhibition. 
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Similar examples have been given by other workers (Robinson 1950 b, Le- 
fevre 1955). Robinson (1950 b, 1954) has stated that the normal volume and 
internal hypertonicity of the cells are maintained by a transport of water 
outwards across the cell membranes, at the cost of energy derived from 
respiration. Respiration is used to expel water from the cells, so that a steady 
state is maintained “in which the higher internal osmotic pressure causes 
water to diffuse into the cells as fast as it is pumped out” (1950 a, p. 379). 
According to the description, this water transport — which is denoted by 
Robinson as “active” — is non-osmotic, and seems to be of a similar nature 
to that of the stomatal cells. 

B. Contractile vacuoles. Kitching (1938 a, b and earlier publications) found 
that the activity of the contractile vacuoles in several kinds of Infusoria could 
be inhibited and made to cease by the application of suitable quantities of 
cyanide. Return of the organism to water without cyanide led to recovery 
of the contractile vacuoles. During the period of intoxication, the cells were 
swollen and their water output was inhibited. According to Kitching’s theory, 
the contractile-vacuole activity removes water as fast as it enters the body 
surface by osmosis. Kitching (1938 a) compared the system with “the bilge 
pump of a rather leaky ship”. In principle, the system resembles that of the 
stomatal cells. In these cells as well, the water output is inhibited by azide, 
so that an increase in volume occurs. 

C. Root-pressure, bleeding. Overbeek (1942) found, in decapitated tomato 
plants, a root pressure which was greater than the corresponding osmotic 
pressure in the cells. Since it was also found that the root pressure could be 
inhibited partially and reversibly by KCN, Overbeek concluded that part of 
the water uptake of the roots is dependent on respiration. 

Rosene (1944, 1947, 1950) studied the root pressure in excised onion roots 
and found, like Overbeek, that part of the water output could be inhibited 
by means of respiratory poisons (sodium azide). 

Lundegärdh (1948, 1949) showed that bleeding (wheat roots) decreased 
under anaerobic conditions. He localized the mechanism to the water and 
salt uptake of the cells, and regarded the anion respiration to be the driving 
force which constituted the active uphill reaction of the pump mechanism. 
The water output, or actual exudation, is then only a passive process — the 
downhill reaction of exudation. 

D. Motor cells. According to Weintraub (1952) the expulsion of water 
from the parenchyma of the pulvinus of the Mimosa leaf takes place by 
active contraction of a number of small vacuoles. This results in a decrease 
in the turgor of the motor cells. Further decrease in water content is brought 
about by the formation of a few vacuoles of the same type and their sub- 
sequent contraction. 
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E. Stomata. Mouravieff (1953) found that the water uptake of the guard 
cells was inhibited by 2,4-dinitrophenol, although only after a relatively 
long time (48 hours). In a later investigation (1956 b) he showed that sodium 
azide had the same effect, when the sections were treated with the poison for 
4 hours. Since it has been demonstrated in the aforegoing that sodium azide 
also inhibits the water output of the guard cells, this poison seems to con- 
stitute an impediment to movement in general. 

The guard cells of the stomata are, like the cells in the parenchyma of the 
pulvinus of the Mimosa leaf, a kind of motor organ. When Williams (1954) 
put forward the hypothesis that the water output of the guard cells is of 
non-osmotic nature, he referred especially to the investigations of the Mimosa 
cells, but also to the presence of contractile vacuoles in Protozoa. However, 
as shown in the aforegoing, the similarity also extends to the root paren- 
chyma of plants and to the water-expelling cells of animals. 

Using the porometer method, Heath and Orchard (1956) studied the reac- 
tion of the closing movement to oxygen deficiency, and obtained results that 
did not lend support to Williams’ hypothesis. They stated: “At least there is 
no indication that lack of oxygen causes opening for the first half hour or 
so” (p. 321). The following objections can be raised to this argument. (1) As 
Bogen (1956 b, p. 210) has pointed out, it does not depend on the quantity 
of O,, but on the magnitude of oxidative phosphorylation. (2) The oxygen 
deficiency presumably has a slow effect on the non-osmotic transport of 
water (see Lundegärdh 1948, p. 140). (3) It is conceivable that the surfaces, 
particularly those of the cells walls facing the intercellular surfaces, may 
store oxygen in the adsorbed form, so that the effect of removal of oxygen 
in the surrounding external air, for example through nitrogen, is not im- 
mediately apparent. 

In all the cases listed here (A—E) inhibition of the water output by respira- 
tory poisons has been demonstrated in cells whose function is to transport 
water, or to cause movement by means of the turgor pressure. The cells 
thereby regulate an outward flow of water. The sensitivity to inhibitors 
indicates that the regulator is dependent on metabolism, particularly on 
respiration, and that its function is under plasmatic control. 

It should be pointed out in this connexion that several authors have 
explained the water state of other cells as well in a similar way. In these 
cases it is, however, the inward flowing current that is modified by the 
control (for animal cells, see Lefevre 1955, p. 94; for plant cells, see Bogen 
and Follman 1955). 

Although several theories exist (Robinson 1953, Kramer 1955, 1956, Le- 
fevre 1955), nothing is definitely known about the mechanism. On the basis 
of experiments with plant cells (Taraxacum, Melosira), Bogen and Follman 
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(1955) and Bogen (1956 a) have stated that the cells contain water of two 
kinds, namely, osmotically bound and osmotically unbound, it being the 
latter which is affected by the inhibitors. It is stressed that what is denoted 
as “osmotically unbound” may be of a “meta-osmotic” nature, i.e., water 
that is retained by, for example, labile colloids, which serve as a water- 
binding agent, their state being maintained by respiratory energy (cf. Stälfelt 
1956 p. 404 and Imamura 1943, regarding the swelling hypothesis). The free 
component is of particular importance, since it can be regulated physio- 
logically (Bogen 1956 b, p. 211). A corresponding classification of the mov- 
able water of cells has been made by Prell (1955). 

In the experiments of Bogen (1956), Bogen and Follmann (1955) and Foll- 
mann (1957), the non-osmotic component was shown to be present in the 
inward current of water. This does not, however, prevent application of the 
hypothesis to the outward current of the guard cells, for the following rea- 
sons. Firstly, an essential contrast exists between the mode of reaction of 
guard cells and of epidermal cell (cf. p. 763). Secondly, it cannot be ruled 
out that the regulator acts on both currents (cf. p. 776, and Mouravieff’s 
works cited in the aforegoing). 

According to Bogen’s hypothesis (1956 b), a non-osmotic water output 
would allow repeated opening and closing of the stomatal cells without loss 
of substance. If, on the contrary, the non-osmotic water output were a result 
of increased permeability (see p. 770), the risk of loss of substance could 
scarcely be avoided. The reversibility of the reaction would be diminished 
thereby, as already pointed out by Weber (1926) and most recently by Foll- 
mann (1957, p. 399). The investigations of Stöger (1950) nevertheless afford 
fresh evidence of the occurrence of permeability changes in connexion with 
stomatal movements; consequently, the question of their role in the move- 
ments persists. 


Summary 


The changes in the width of the stomatai cells and opening width were 
measured microscopically after treatment of the specimens (leaves of Vicia 
faba) with sodium azide (0.01 M). Treatment consisted partly of placing 
surface sections in the solutions, and partly of allowing severed leaves to 
imbibe the solutions through the leaf stalk. In the first place, a study was 
made of the effect of the azide on the hydroactive, photoactive and passive 
closing movements, as well as on the closing movements elicited by CO, 
(3 per cent). In every case, the azide is found to inhibit closure and to pro- 
mote opening, i.e., the azide inhibits the water output of the guard cells. 

The effect of the azide increases and decreases with the turgor of the 
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guard cells (Figures 5, 6); it is maximal when the stomata reach their maxi- 
mal opening value, and ceases when the guard cells have lost their turgor. 


In leaves in darkness, CO, (3 per cent) causes swelling of the guard cells 
which does not, however, lead to opening; in light the effect is the opposite 
— the width of the guard cells decreases, and open stomata close. 


Simultaneously with closure of the stomatal cells in light caused by CO, 
their osmotic value rises as rapidly and to the same extent as in the control 
leaves. Thus, CO, does not inhibit formation of osmotically active substance, 
but it prevents a rise in turgor and opening. This can be interpreted as an 
indication that the guard cells give off water non-osmotically, that this non- 
osmotic output occurs normally, and that the output is increased by CO. 
Sodium azide has the opposite effect; it inhibits the non-osmotic water output 
and neutralizes the CO, effect. When azide and CO, are administered simul- 
taneously to a specimen in light, the stomata open. The experiments lend 
support to Williams’ (1954) hypothesis of a non-osmotic component in the 
water output of the guard cells. 


The scheme put forward earlier (1955) for the reactions of the guard cells 
has therefore been completed with a non-osmotic factor (Fig. 10). On broad 
lines, the hydrophotic regulator acts on a counter-current principle. It main- 
tains equilibrium between the inward water current driven by osmotic energy 
from the photoactive opening processes, and an outward current of non- 
osmotic nature, initiated and intensified, respectively, by the supraoptimal 
water deficit. 


Valuable help in carrying out the investigation has been given by Mr. Bo Kuylen- 
stierna. 

The expenses of the investigation were defrayed by a grant from the Science 
Research Council of Sweden. 
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The Problem 


It has repeatedly been suggested that indole-3-acetic acid (IAA) changes 
the water permeability of cells, recently by Masuda (1953), Thimann and 
Samuel (1955), and Pohl (1954, 1957). The opinion has not been supported 
by Ketellapper (1953) and Ordin and Bonner (1956). 

Changes in the permeability of cells can be induced by many agents. The 
crucial question is whether such changes can induce or be connected with 
cell elongation. Pohl (1953) and Ketellapper (1953) have pointed out that 
changes in the water permeability cannot produce growth: they can change 
the rate of water uptake involved in growth, but not the end result. However, 
it might be theoretically possible under certain circumstances that changes 
in the permeability even can induce growth, for example in the following 
instance. 

A tissue capable of growth, i.e., capable of water uptake under irreversible 
elongation, is assumed to be in contact with two different media. At one end 
it takes up water from one medium, slowly against a counter-suction from 
this medium, which may be another, non-growing tissue. At the other end 
the tissue is in contact with air, losing water in transpiration. A transpiration 
stream passes through the tissue, which never reaches water saturation. It 
may easily happen in such a system that uptake and transpiration balance 
each other, the tissue neither gains nor loses in volume; it standsina dynamic 
equilibrium with the environment. This is no theoretical example, but it 
may describe actual conditions of shoots. Ordinarily, aerial parts never attain 
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full turgidity but live and grow under a water deficit. This can be clearly 
demonstrated in coleoptiles growing under controlled laboratory conditions. 

Even if growth were induced in such a tissue, for example by changes in 
the cell walls, it might be possible that it could not be fuliy effectuated 
because elongation were limited by the rate of entry of water, not by the 
wall changes, or whatever the incitament of growth ultimately had been. 
If then the water permeability increases, the uptake increases and the tissue 
may grow to some extent. Especially if measured over a short interval of 
time this growth or increase in growth were indubitably induced by the in- 
creased water permeability. 

The most recent determinations of the osmotic conditions of coleoptiles 
raised under standard conditions have been made by Pohl (1957). He found 
an osmotic value (O,) of 15.6 atm. and a suction (S,) of 8.2 atm. With atten- 
tion paid to the changes in volume, the normal turgor (T,) cannot exceed 
6.5 atm. This means that these coleoptiles develop and, until decapitated, 
grow under a suction deficit of more than 50 per cent. The water perme- 
ability is also known to be very low, probably owing to the presence of a 
cuticle as on all aerial organs (cf. Ordin and Bonner, 1956). 

In standard coleoptile tests, sections of such osmotic properties are im- 
mersed in solutions and the elongation is studied. The first thing that ought 
to happen is that they become water saturated, and then they may grow. It 
is a matter of controversy whether auxin-free solutions induce growth. 
Ordin and Bonner (1956) claim that the sections finish the water uptake 
after one hour — which indicates a very low permeability — and that this 
elongation is reversible. Ordin, Applewhite, and Bonner (1956) and Pohl 
(1957), on the contrary, record a continuous elongation for many hours, 
which involves growth. 

It may thus be of a certain interest to study auxin actions on tissues with 
the confusing permeability and water deficit factors eliminated. This can be 
done on roots, which grow submerged and wholly water saturated, but un- 
fortunately inhibited by auxin addition. Attempts have therefore been made 
to raise coleoptiles submerged, i.e. continuously water saturated, and subject 
them to standard auxin tests. 


Material and Methods 


Cultivation of oat coleoptiles in air and submerged. Seeds of Svalöv Victory oat 
were soaked in distilled water at room temperature for 24 hours. A layer of vermi- 
culite 2 cm. deep, saturated with distilled water, was placed in Petri dishes, 9 cm. 
in diameter and 5.5 cm. high. Excess water was poured off. The oat seeds, with 
husks removed, were sown in the vermiculite spaced about one cm. from each other. 
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The embryo ends of the kernels were placed downwards and the other ends at half 
a centimetre below the bed surface. The surface was then lightly flattened and 
covered with a thin layer of dry vermiculite. 

The kernels were allowed to germinate in darkness under constant conditions, at 
25°C and 80 per cent humidity. After 48 hours the coleoptiles had emerged to the 
bed surface and the plant material was now divided into two groups. 

In the first group 20 ml. of distilled water (temperature 25°C) was given to each 
vessel in order to avoid drying of the bed. The plants were then left to grow in red 
light and after 24 hours the coleoptiles were ready for use as described below in 
the chapter dealing with the test methods. 

In the second group the oat material was handled with the intention of getting 
coleoptiles to develop submerged. A thin layer of quartz sand was spread over the 
vermiculite bed surface. Distilled water to a depth of 3.5 cm. was then cautiosly 
poured over the quartz layer. The quartz was used to keep the plants and the 
vermiculite down on the bottom of the vessels. The water had a temperature of 
25°C and before use it was aerated with oxygen for half an hour. It turned out to 
be necessary to saturate the water with oxygen in order to insure growth of the 
submerged coleoptiles. The oat plants were then placed in red light. After 24 hours 
the coleoptiles were of suitable size for further use as described below. 

Cultivation of rice coleoptiles submerged. Seeds of Italian rice were cultivated in 
the same way as the oat, however, with some exceptions. Thus the kernels were 
planted with their upper ends at the bed surface and distilled water was added just 
to cover the surface. After 24 hours some water of 25°C was added to the bed in 
order to compensate for the water lost in evaporation. The water, given after 48 
hours, had no extra oxygen added. The coleoptiles grew in darkness. It was not 
necessary to use red light to reduce the elongation of the first internode. 

Coleoptile section test. Three days after planting uniform sections were cut from 
oat coleoptiles (grown in air and grown submerged) and from rice coleoptiles (sub- 
merged). The coleoptiles were cut in red light. At the time of harvest the oat coleop- 
tiles were 20 mm. long and those of rice 15 mm. In all cases the sections were 
5.0 mm. in length. The apical 3 mm. of the coleoptiles were discarded and only one 
section was taken from each coleoptile. The primary leaf was left within the cylin- 
der. A device, consisting of two parallel razor blades clamped to a block, was used 
for cutting the sections. 

Immediately after the cutting the sections were placed into the solutions to be 
tested. Ten sections were put into a small vial (15 mm. in diameter), holding four ml. 
of solution. The test solutions contained 10-3 M potassium dihydrogen citrate (pH 
4.5), 0.5 per cent dextrose, and synthetic indole-3-acetic acid (IAA) in various con- 
centrations. The sections were left in darkness at 25°C and 80 per cent humidity for 


20 hours. They were then measured with an accuracy of 0.1 mm. by means of a 
dissecting microscope. 


Results 


The main results have been condensed in Figure 1, showing average values 
of five independent series of each treatment with oats and nine with rice. 
The results are clear and simple. Oat coleoptiles from air show an auxin 
response with a peak at 105 M. Submerged coleoptiles give the same result 
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although all growth values are lower over the whole range of IAA tested. 
Rice coleoptiles, finally, show still lower growth values but with a maximum 
at the same concentrations. This tallies with earlier data on coleoptiles sec- 
tions raised in air, showing a maximal response with IAA concentrations 
between 1075 and 10~* M (Bentley and Housley, 1953, Bonner and Foster 
1955, Foster, McRae, and Bonner 1955). 


One further point should be emphasized. In this as in all optimum curves 
the location of the maximum is determined by the intersection of two curves, 
one involving a promoting, another an inhibiting action. The curve of inhibi- 
tion at higher concentrations is very steep and exactly the same with all three 
different materials. The positive and negative responses are thus fairly 
independent of each other. 


It is, of course, important to verify that the coleoptiles grown in air 
initially possess a water deficit and that those developed submerged do not. 
This is easily demonstrated. Sections from submerged coleoptiles do not 
change their length when cut and transferred to a water solution. They are 
by definition water-saturated. 


Sections from air coleoptiles behave in a manner which, to our knowledge, 
has not been described in the literature. 


The sections are cut with a double-edged razor blade tool, with the blades 
fixed at a distance of 5.0 mm. It has constantly been observed that the sec- 
tions immediately appear to be less than 5.0 mm, shorter than the distance 
between the blades. There is no doubt but that the sections contract during 
the sectioning. The contraction amounts constantly to as much as 0.15 mm. 
or 3 per cent. It is a matter of seconds for this to take place, and a drying 
can certainly be excluded. We are inclined to explain this by referring to 
the well-known contraction of transpiring stems (MacDougal 1925). Owing 
to the tension in the longitudinal direction and the adhesion of water in the 
cells, stems contract radially during transpiration. This pull must im- 
mediately be released in sectioning the coleoptiles, and the cylinders con- 
tract longitudinally. These stresses may be of considerable importance for the 
initial and often reversible stages of tropistic responses. 

Placed in water without auxin the sections elongate on an average from 
4.85 to 5.15 mm. or 6 per cent, coming to a stand-still in less than 10 minutes. 
This is certainly a water saturation, much more rapid than those observed 
by both Ordin and Bonner (1956) and Pohl (1957). Plasmolyzed in mannitol 
0.7 M the sections contract to, on an average, 4.40 mm., which means a 
contraction by 0.75 mm. In the normal state the coleoptiles thus should have 
a water deficit of about 40 per cent, which tallies well with Pohl’s com- 


putations. 
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0 107" 10-9 107 10-5 10-3 M IAA 


Figure 1. The influence of indole-3-acetic acid on the elongation of different kinds of 

coleoptile sections in the standard growth test. 1=Avena coleoptiles grown in air, 

2=Avena coleoptiles grown submerged. 3=Rice coleoptiles grown submerged. — Elongation 
in mm. 


Conclusions 


In the following growth denotes an irreversible elongation distinguished 
from a reversible osmotic water saturation. Since the water saturation of 
the air-grown coleoptiles only causes an increase in length by 0.30 mm., the 
stretching in the auxin-free solution by 1.75 mm. in 20 hrs. must constitute 
growth. It is, on the other hand, probable that the difference between air- 
grown and submerged-grown coleoptiles (Figure 1) lies in the water satur- 
ation. As mentioned this causes an increase by 0.30 mm., the difference 
between the two sets of sections at IAA below 10~® M amounts to an average 
of 0.32 mm. It is thus obvious that the sections at first become water saturated 
and then grow. These two modes of elongation can be strictly kept apart. 
The elongation of the initially water-saturated sections is an expression of 
growth, which was already emphasized by Rietsema (1950). 

With 105 M IAA the elongation over the auxin-free control amounts to 
1.65 mm. with air-grown and 1.10 mm. with submerged-grown coleoptiles. 
This difference is significant. It means that coleoptiles raised under a water 
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deficit show a greater response to an auxin addition. The prehistory of the 
coleoptiles, their nutrient conditions and wall tensions are so different, how- 
ever, that some such differences in sensitivity are hardly surprising. It is 
known that submerged growth changes the chemistry of the cell wall 
(Gertrude and Bouloux 1953). 

The important point is that the growth response of entirely water-saturated 
coleoptiles is of principally the same type as that of such raised under a 
water deficit. It is difficult to reconcile this with an action of auxin on the 
water permeability. With water-saturated coleoptiles the permeability can- 
not limit the elongation. The results with rice coleoptiles support this con- 
clusion. Auxin induces elongation even if the water uptake has never been 
impaired. 


Summary 


Coleoptiles of oats and rice have been raised submerged, i.e., continuously 
water saturated. In the standard cylinder test they react to indole-3-acetic 
acid in practically the same way as ordinary coleoptiles with a water deficit 
of about 40 per cent. It is concluded that the growth action of IAA cannot 
depend upon an increase in water permeability. It has been observed that 
coleoptiles growing in air are subjected to a longitudinal tension, probably 
caused by the pull of the transpiration. Sections raised in air placed in water 
become saturated in less than 10 min. and then grow irreversibly even in 
the absence of IAA. 


These studies were started in this institute in i956 by Dr. Käthe Seidel, Plön, 
Holstein, working on Scirpus and rice seeds. Their germination behaviour offered 
intricate problems, which will be dealt with by her separately. The authors proffer 
their thanks to Dr. Seidel for supplying rice seeds and for valuable advice. The 
published experiments have been carried out by Mrs. G. Jansson. The authors are 
indebted to Dr. R. Pohl for permission to quote unpublished data. 
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Introduction 


In a previous study (Florell, 9) it was found that calcium increased the 
amount of mitochondria in wheat roots. Earlier, Burström (4) had shown 
that calcium could promote the uptake of nitrate in roots. These findings 
point to a possible connexion between the mitochondria in roots and anion 
uptake. There are other indications in the literature that these particles could 
be connected with ion uptake (cf. Robertson et al., 17, 18). The possible role 
of mitochondria in salt uptake has been discussed by Epstein (8) and Lunde- 
gardh (14). In the latter author’s opinion the mitochondria could serve as 
carriers of an adsorbed layer of ions and transport them from one part of 
the cell to another. The theory of Lundegardh (12), linking ion uptake with 
the cytochrome system also focuses attention on the mitochondria, since they 
contain cytochrome oxidase (Millerd, 16, Stafford, 19). There is thus much 
indirect evidence of a connexion between ion uptake and mitochondria. 

The present investigation is an attempt to elucidate this problem. 


Methods 


The test material was young plants of Weibull’s Eroica wheat. The plants were 
grown under the same conditions as described by Florell (9). In the calcium series 
the cultivation time was 7 days and the nutrient solution had the following composi- 
tion: KH,PO, 2.010% M, Na,HPO, 2.010? M, MgSO, 1.0X10° M, Fe-citrate 


1 Present address: Institute of Botanical Genetics, Uppsala 7. 
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1075 M, MnSO, 105 M, and traces of B, Zn, and Mo. All concentrations are given 
per litre Auttiont solution. Calcium was given as Ca(NO,), in 4 concentrations, 
1077 M, 105 M, 1074 M, and 2.0X 1073 M, respectively. The nitrate concentration was 
adjusted to the same strength in all series (2.5 mM) by varying the amount of KNO,. 

In the a-parachlorophenoxy-iso-butyric acid (PCIB) and phenylboric acid series 
the plants were grown for 5 days under the same conditions as the calcium series 
in the following nutrient solution: KNO, 10° M, KH,PO, 10°? M, NaH,PO, 10° dut, 
MgSO, 10°? M, CaCl, 106 M, and Fe- dirate 10° M. 

The solutions were renewed every two days in all series. The pH was 7.0 in the 
calcium series and 5.3 in the PCIB aad phenylboric acid series. 

Dry weights were determined after drying in vacuo .at 50°: 

The mitochondrial fraction was prepared according to the method of Withrow 
and Wolff (21). It was possible to work quicker and at a lower temperature by 
employing this method as compared with the one described earlier (Florell, 9). 

Bromide was analysed by potentiometric titration with 0.01 N AgNO,. 

Nitrate was determined colorimetrically according to the phenoldisulfonic acid 
method of Burstrom (2). 

In order to obtain a homogenous root material, batches of 50 to 75 plants were 
picked at random among 300 to 400 plants, and were used in the ion uptake experi- 
ments. These were carried out with 3 to 4 g. excised roots in 2 litre beakers con- 
taining 1.5 1. solution. KBr and KNO, were used and the concentration was 5 mM 
in both cases. The roots were rinsed in distilled water and surplus water was shaken 
off before they were transferred to the beakers. After the experiment the roots were 
again rinsed in distilled water and this was added to the salt solution in the beakers. 
The uptake was determined from the differences in concentration of the solutions 
before and after an experiment, due account being taken for changes in the volume 
of the solutions. 

In all experiments the temperature was 23°C and all determinations were made 
in duplicate. 


Results 


Before investigating the connexion between mitochondria and ion uptake, 
it was considered necessary to examine the effect of calcium on the amount 
of mitochondria over a wide range of concentrations. The earlier investiga- 
tion (Florell, 9) was carried out at only two levels of calcium, 0 and 10-4 M 
respectively; in the present study the concentrations of calcium are 10-7 M, 
1075 M, 10-4 M, and 2.0X 10° M, respectively. As a total absence of calcium 
tends to give a rather irregular root growth, owing to real damages to the 
roots, the lowest concentration was changed to 10-7 M instead of 0. 

Table 1 shows the effect of calcium on root length, fresh weight, and dry 
weight of wheat roots. At a calcium concentration of 10-4 M the root length 
attains an optimum value. Also the fresh weight of the roots is largest at 
this concentration as is seen in the table. The dry weight of the roots, on the 
other hand, increases with increasing amounts of calcium. The dry weight of 
the mitochondria is largest when the concentration of calcium is 10-4 M as 
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Table 2. Dry weight of mitochondria of roots of 200 plants at different concentrations 
of calcium (mg). 


0 


Concentration of calcium in nutrient solution (M). 
Series — i 
1053 10—9 10—* a 
7 28.2 36.5 44.0 42.3 
8 25.4 31.3 40.0 40.8 
9 39.4 50.5 72.3 71.2 
10 42.0 50.6 72.6 67.0 
11 27.4 38.4 50.4 42.0 
12 48.2 53.4 . 65.2 61.0 
13 50.0 54.7 73.6 65.9 
14 55.6 58.9 88.0 73.0 
Mean 39.5 + 4.1 46.8 + 3.6 63.2 + 5.9 57.9 + 4.9 


seen in Table 2. If one compares the mean values for length, fresh weight, 
and dry weight of the roots (Table 1) with the corresponding values for the 
mitochondria (Table 2) it is seen that changes in the amount of mitochondria 
follows the changes in root length and, to some extent, also those in fresh 
weight of the roots when the concentration of calcium is increased. It is 
difficult to decide, from these results alone, whether calcium exerts a direct 
influence on the formation of the mitochondria, or if calcium acts indirectly 
through its effect on root length or fresh weight. 

An estimation of the water content of the roots at different concentrations 
of calcium, calculated from the values in Table 1, shows that the variation 
in fresh weight is mainly due to changes in the water content. This increases, 
namely, with increasing amounts of calcium and reaches an optimum value 
at 10-4 M. It seems rather improbable that a mere increase in water, which 
is chiefly situated in the vacuole, would be able to exert any influence on 
the formation of the mitochondria. The increase in root length effected by 
calcium is principally due to an increase in cell elongation (Burström, 3). 
This causes an increase in the surface of the cytoplasm, and reactions bound 


Table 3. Summary of root length, fresh weight, dry weight, and dry weight of mitochondria 
of wheat roots treated with a-parachlorophenoxy-iso-butyric acid (PCIB) and Phenylboric 
acid (PBA), respectively. All values are calculated per 200 plants and are the average of 


5 series. 
Ee 
Compound added | Root length | Fresh weight | Dry weight | Dry weight of mitochondria 
M cm. g. g. mg. 
(TR aac 7.0 11.04 0.85 11 
> 
PEBASGBE eee ek: 0.86 11 
en tee 73 | 10.82 0.78 9 
PBA > . | , 
11 ZB 9.4 11.01 0.78 9 
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10 


Figure 1. The time-course of bromide uptake 
of wheat roots grown at four levels of cal- 
cium. Mean values of three experiments. 


m-equiv, Br absorbed per g. mitoch.(dry weight) 


to surfaces are thus facilitated. The formation of mitochondria could also be 
a process of this type. 

In order to find out if an increase in root length could have any effect on 
the formation of mitochondria, experiments were carried out with a-para- 
chlorophenoxy-iso-butyric acid (PCIB) and phenylboric acid. Burström (3) 
has shown that there is an interaction between calcium and PCIB on cell 
elongation; furthermore that the effects are reversed with respect to the pH, 
and at pH 5.3 the effect of PCIB is highest and that of calcium lowest. For 
this reason the pH in the nutrient solution was 5.3. Phenylboric acid also 
shows a high activity as regards to cell elongation (Torssell, 20). The con- 
centration of both substances was 1075 M in the present experiments. The 
results are summarized in Table 3. Although there is an increase in root 
length by about 30 per cent for both substances as compared with controls, 
the amount of mitochondria is the same in the two series as in the respective 
controls. These results show that the increase in root length, and thus the 
increase in surface of the roots, has no effect on the formation of mito- 
chondria. An example of a genuine surface reaction is the inversion of sucrose 
(Burström, 5). 

On the other hand, the mode of action of calcium and PCIB on cell elonga- 
tion need not necessarily be identical. It is thus possible that an increased 
formation of mitochondria, influenced by calcium, could be the cause of the 
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Figure 2. The time-course of nitrate uptake 
of wheat roots grown at four levels of cal- 
cium. Mean values of four experiments. The 
same symbols as in Figure 1. 


m-equiv. NO, absorbed per g. mitoch. (dry weight) 
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calcium effect on cell elongation e.g. by increasing the respiratory activity 
of the cells. 

The results presented give no answer to this question, but they show that 
the formation of mitochondria is directly influenced by calcium. 

The present study is mainly concerned with the relationship between the 
active anion uptake and the mitochondria. For this reason it is necessary to 
eliminate, as much as possible, the passive non-metabolic phases of ion 
uptake, which are going on at the same time. The experiments on absorption 
were thus carried out only with roots; the shoots were cut off above the 


Table 4. Bromide and nitrate uptake of 200 plants (m-equiv.). Mean values of 3 expts 
(bromide) and 4 expts (nitrate), respectively. 


j Concentration of calcium in nutrient solution (M). 

Anion Hours é 
10-7 10° 10—4 2 X 10—3 

| 2 0.27 0.31 0.46 0.45 

Bromide...... 6 0.32 0.39 0.62 0.58 

10 0.47 0.56 0.80 0.72 

2 0.76 0.86 1.20 1.01 

re 4 0.98 1.04 1.60 1.32 

ER dE 6 1.41 1.54 2.13 1.82 

9 1.60 1.70 2.50 2.18 
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seed, and the passive uptake due to transpiration, studied by Hylmö (10), 
could thus be neglected. 

The time-course of bromide and nitrate uptake are presented in Figures 
1 and 2, respectively. The uptake is calculated per gram dry weight of the 
mitochondria in the roots. The amount of mitochondria was determined on 
the same root material that was used in the uptake experiments. The results, 
computed in this manner, show that the time-course of the uptake and the 
amount of absorbed ions agree closely between roots grown at the four 
levels of calcium used in the investigation. In other words: the ion accumula- 
tion per plant is directly related to the amount of mitochondria in the roots. 
Table 4 shows the uptake of bromide and nitrate calculated per 200 plants. 
The figures and the table also show that the amount of nitrate absorbed is 
about three times the amount of bromide. These results are in agreement 
with other investigations (cf. Lundegärdh, 13, Broyer, 1). 


Discussion 


A. Calcium and the formation of mitochondria. The results presented 
above show that the amount of mitochondria is closely related to the calcium 
concentration in the nutrient solution. It has already been pointed out that 
this effect of calcium is not caused by any primary effect of calcium on root 
length, fresh weight or dry weight of the roots. Furthermore, if one calculates 
the relative increase, say between 1077 M and 10°? M calcium, it is seen 
that root length, fresh weight, and dry weight increase by 10 to 35 per cent, 
while the increase in dry weight of the mitochondria is about 60 per cent. 
Thus, these calculations also indicate that calcium exerts an influence on 
the formation of mitochondria quite separate from its effect on cell elonga- 
tion. In preliminary experiments, not presented in this paper, the author’s 
results show that the formation of mitochondria is affected, not only by 
calcium, but also by manganese. Burstrôm and Tullin (6), using a chelating 
agent, ethylenediaminetetraacetic acid, draw the conclusions from their 
results that calcium specifically is necessary for cell elongation, while cell 
multiplication seems to be influenced by calcium or manganese or both. It 
is reasonable to assume that any agents able to influence cell multiplication 
may also affect the formation of mitochondria. The results imply that while 
calcium plays a most important role in the formation of mitochondria in 
wheat roots, other agents are also necessary (e.g. manganese) to obtain 
optimum formation of these particles. 

B. The mitochondria and anion uptake. The résults presented in this 
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paper show that the uptake of bromide and nitrate intimately follows the 
amount of mitochondria in the roots. Robertson et al. (17, 18), working with 
isolated plant mithochondria, found that these particles were able to accu- 
mulate ions against a concentration gradient; furthermore, the oxygen uptake 
was of the right order of magnitude to account for the accumulation-rate. 
They concluded that mitochondria in the intact cell could act as mediators 
in the passage of ions from the cell surface into the vacuole. These results 
are in good agreement with the author’s findings. If one compares the 
uptake of bromide and nitrate with the oxygen uptake of mitochondria in 
Florell’s (9) material, a rough estimation shows that the oxygen uptake is 
large enough to account for the ion uptake found in the present investigation. 
The oxygen uptake per gram mitochondria and hour corresponds to up to 
5 m-equiv., assuming that one anion is accumulated each time an electron 
transverses the cytochrome system, while the amount of bromide and nitrate 
accumulated per gram mitochondria and hour is not larger than 1 and 
5 m-equiv., respectively. ; 

Epstein (7), studying the uptake of bromide from solutions also con- 
taining chloride or nitrate, found that chloride interfered with the uptake of 
bromide but that nitrate did not change the rate of bromide absorption. He 
concluded from these results that anions are accumulated by a mechanism 
involving their temporary binding to protoplasmic constituents. According 
to Epstein, bromide and chloride compete for the same binding compounds, 
while nitrate combines with other compounds. These results could also 
explain the mechanism of ion-selectivity (cf. Leggett and Epstein, 11). 

The protoplasmic constituents involved, according to this theory, could be 
the mitochondria and we can thus tentatively outline the different steps in 
ion uptake. The first phase would consist of an adsorption to the mito- 
chondria. In Lundegardh’s opinion (15) such an adsorption does not require 
any energy. The second phase, the accumulation proper, can follow two dif- 
ferent patterns: the adsorbed ions are accumulated in the mitochondria and 
afterwards they are turned over into the vacuole (cf. Robertson et al., 17), 
or the ions are transported on the mitochondria to the tonoplast and are 
then absorbed in the vacuole. In both cases the energy required for the accu- 


mulation would derive from the cytochrome system localized to the mito- 
chondria. 


In this way the close correlation between the amount of mitochondria 
and the uptake of bromide and nitrate in the author’s investigation could be 
explained; with an increasing amount of mitochondria in the roots there are 
more sites of adsorption and more respiratory activity available for the ions 
and their rate of absorption will thus be promoted. 
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Summary 


The influence of calcium on the mitochondria over a wide range of con- 
centrations has been investigated. The results show that the formation of 
these particles is strongly correlated to the external calcium concentration. 
The possible role of manganese, in this respect, is discussed. 

The connexion between the mitochondria and the uptake of bromide and 
nitrate has also been studied. The uptake of both ions closely follows the 
amount of mitochondria in the roots. Under equal conditions the amount 
of nitrate absorbed is three times that of bromide. The relationship between 
anion uptake and mitochondria has been discussed and a mechanism for ion 
absorption has tentatively been outlined from the results obtained. 

The author is indebted to Professor Hans Burstrôm for valuable advice and 


criticism during the course of this work and also wishes to thank miss Ragnhild 
Nilsson for carrying out the PCIB and phenylboric acid series. 
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Introduction 


The study of various publications dealing with maleic hydrazide (MH: 
1,2-dihydropyridazine-3,6-dione) has enabled me (11) to review and to con- 
sider the essential properties and functioning of this inhibitor. As far as the 
growth of the Lens root is concerned, MH caused a strong inhibition; how- 
ever, Weak concentrations of this substance produced a slight stimulation on 
the very young organ (10). 

In order to understand the action of MH on the growth, an endeavour 
was made to establish to what extent this product influenced the auxin 
content of the treated tissues. It was observed that MH does not modify the 
concentration of endogenous auxins (in vitro tissue cultures: 4, 5, 6 — Lens 
roots: 7, 10). However a few experiments seemed to indicate an action of 
MH (stimulation) on the auxin-oxidase activity (1, 2, 3, 16). 

Consequently, it seemed difficult to accept the facts that (a) MH does not 
change auxin metabolism in plant tissues and (b) MH causes an acceleration 
of IAA-oxidase activity, therefore an activation of auxin destruction in vivo. 

The study of the IAA-oxidase activity in the Lens root enabled me to 
obtain some general results. For instance, the destruction of the native auxins 
by the cells increases with age (9, 13); in the meristem, the auxin-oxidase 
activity was lower than in the root cap (15); 2-4-dichlorophenol, 2-4-dinitro- 
phenol, and 4-6-dinitro-o-cresol produced a dramatic increase of the in vivo 
destruction of IAA in young cells (12). Thus, it was interesting to compare 
the inhibition of root elongation caused by MH with the problematic stimula- 
tion of IAA-oxidase activity in the same material. 
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Figure 1. 

MH conc.: Concentration of maleic 
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Material and Methods 


Primary roots of the seedlings of Lens culinaris Med. germinated at 22°C (dark) 
were used. Lens plants were grown on filter paper in sterilised Petri dishes with 
White II liquid medium. Roots 18 mm long were selected (at this stage rate of 
elongation is at a maximum). Then they were treated with MH. After 4 days, root 
elongation was measured (under special red light) and IAA-oxidase activity tested. 
For each experiment, 100 similar roots were used. A further localization of IAA- 
oxidase activity in the meristematic region was performed by separating the major 
portion of the root cap (0—0.5 mm) from the subjacent tissues (0.5—3 mm). 
In vivo IAA-oxidase activity determinations were performed as usual (this method 
was published in detail elsewhere, 14). 


Results 


Data on elongation of Lens root (expressed as per cent inhibition) and on 
IAA-oxidase activity (measured as IAA destroyed after 60 min per 100 mg 
fresh weight) are plotted in the figure. The results lead to the following 
conclusions: 

1) The inhibition of root elongation occurs already in low concentration 
of MH (38 per cent inhibition for 1:10-7 M). 

2) This inhibition is accentuated with increasing MH concentration (45 per 
cent for 1-10~° M to 120 per cent for 1:10? M). 

3) IAA-oxidase activity was unchanged by MH, when the concentrations 
of this substance were low (from 1:10-7 M to 5:10-4 M). 

4) IAA-oxidase activity was increased by MH when the concentration of 
this inhibitor was very high (from 1:10-% M). 
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Conclusion 


In the range of concentration used for in vivo experiments, root elongation 


was always inhibited by MH, while IAA-oxidase activity was unchanged. 
These observations confirm and explain the fact already established that 
MH does not modify the auxin content in plant tissues. This inhibitor caused 
an acceleration of auxins destruction only at very high concentrations. Con- 
sequently its action cannot be interpreted by a change of the auxin metabolism. 


The author is indebted to Miss Cl. Croutaz for technical assistance and to “Fonds 


national suisse pour la Recherche scientifique” for financial support. 
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It is known that shoots will arise from some plant callus tissues under 
certain cultural conditions. White (8) observed shoot formation from callus 
on isolated dandelion roots in culture, and Norton and Boll (5) reported 
callus formation and shoots in a clone of Lycopersicum peruvianum. The 
present paper reports the formation of shoots, via callus formation from 
isolated roots of a clone of Jsatis tinctoria. 


Materials and Methods 


Bonner’s basic nutrient solution was used (1). However, ferric tartrate was sub- 
stituted for ferric citrate and citric acid in equal molar ratios (6.7 and 4.29 mg./l. 
respectively), and the concentration of sucrose was reduced to 20 g./l. and that of 
nicotinic acid to 0.1 mg./l. Furthermore microelements were added according to Rob- 
bins (6). The seeds were sterilized with 0.1 per cent HgCl, and the culture flasks 
were kept in darkness at 25°C. To maintain a clone 10 mm. root tips of main roots 
or lateral roots were excised and successively transferred to a new medium usually 
every fortnight. Each such transfer has been called a “passage”. In all other respects 
the culture technique agrees with that described by Naylor and Rappaport (4). 


Experiment 


In the first passage excised root tips of Isatis tinctoria normally regenerate 
shoots from the cut surface (Figure 1). This occurs via callus formation 
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Figure 1. Spontaneous shoot formation in the 
first passage. This photograph was taken in 
a two months old culture. 1 t/2 times natural 


size. 


after about a month in culture. This spontaneous shoot formation also takes 
place in the second and in the third passage, although more rarely, and in 
the following passages it ceases entirely (Table 1). 

In order to determine which component or components are active in the 
regeneration of shoots, numerous substances were tested. In all these experi- 
ments only one clone was used and the inocula were lateral root tips taken 
from the seventh passage or from later ones. The common amino acids, 
purin bases, auxins, yeast extract, yeast nucleic acid, casein hydrolysate, and 
exudates from roots were examined at different concentrations, but all these 
experiments failed. In these investigations also kinetin (6-furfuryl-adenine) 
(2, 3, 7), obtained from Professor F. Skoog, Madison, Wisconsin, was tested 
in a concentration of 121.80 ug./l. After about a month in culture, shoots 
formed in five of the ten duplicates (Figure 2). The root growth was very 
small in comparison with that of the control without kinetin. The shoot 
formation was in this case not only localized to the original cut surface but 
appeared also at the apex of both the main root and the formed lateral roots. 
In the control no shoots had formed. 


Table 1. Shoot formation in the first four passages of main root tips of ten different 
clones. The passages were performed every week and the time of incubation was two 
months after each passage. 


PASS ATEN On cdégsnacnoincooscuncoecenccous 1 2 3 4 


No. of clones with shoot formation 9 4 1 0 
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Figure 2. Shoot formation induced by 
kinetin in the 13th passage. The con- 
centration of kinetin was 121.80 ug./l. 
The time of incubation was 45 days. 
Three times natural size. 


In order to confirm the shoot inducing capacity of kinetin an experiment 
was performed with four different concentrations of kinetin and a control 
without kinetin. The clone was in its 16th passage and no shoots had formed 
spontaneously after the third passage. The flasks of the experiment were kept 
in culture for two months, and the number of roots forming shoots were 
then counted (Table 2). 

The growth of the roots was very small at the higher concentrations of 
kinetin but increased with decreasing concentration and at the lowest con- 
centration it was much better than in the control. With 60.90 ug./l. of kinetin 
the two formed shoots were localized to the original cut surface in agreement 
with the shoot formation in the first passage where no addition of kinetin 
had been made. This agreement supports the assumption that kinetin is a 
natural hormone in the roots of /satis tinctoria which in the first passage 
is in quantity large enough to induce shoots but in later passages gradually 
disappears and does not reach the concentration, necessary for shoot forma- 
tion. If the roots are completely without the capacity to produce this shoot- 


Table 2. Shoot formation caused by addition of kinetin. (Explanation in the text.) 


Gone. of kinetin in pg./l. | No. of roots forming shoots 


243.60 9 

| 121.80 4 
60.90 2 

12.18 0 

0 0 
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forming hormone, or if they produce it at a suboptimal rate can not yet be 
decided. The fact, that shoot formation occurs not only at the base of the root 
but also in other parts of the root system when higher concentrations of 
kinetin are supplied, may be explained by the assumption that the kinetin 
is present in sufficient concentration in the whole system, and needs not be 
concentrated by basal transport. 


Summary 


In the first passage excised roots of Isatis tinctoria after about a month 
normally regenerate shoots in a sterile culture medium, supplied only with 
the ordinary salts, vitamins and sucrose. In later passages shoot formation 
does not occur. If, however, in these later passages the medium is supplied 
with kinetin in an appropriate concentration shoots are formed again. Certain 
observations support the view that kinetin is a natural hormone in the roots 
of Isatis tinctoria. 


I wish to express my sincere gratitude to my teacher, the head of this Institute, 
Professor Nils Fries, who has introduced me to the present field of research and 
who has always taken a lively interest in this investigation. I am also greatly 
indebted to Professor Folke Skoog, Madison, for the provision of a sample of kinetin. 
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Root hairs grow in their very apices only, a fact well established since 
the end of the 19th century (see 3, 8, 19, 20, 34). The results of several 
investigators show that the root hair walls consist mainly of pectic and 
cellulose substances. The available data about the chemical composition and 
the organisation of the hair wall, however, are in some details rather contra- 
dictory. As results from microchemical tests some authors have found that 
the root hair walls are built up by two separate layers, one outer layer of 
pectic substances or calcium pectates and one inner layer of cellulose (2, 3, 
30), while McCoy (26) found that “the original calcium pectate occurred not 
in separate layer but in association with cellulose-containing layer or layers 
of the root-hair wall.” Other investigators have found that the root hair 
walls neither consist of cellulose nor of pectic substances (1) but are com- 
posed of other constituents as “amyloid” (36, 37) or callose (22, 32; cf. 3). 
Sometimes there are unexpected differences in the statements as to the 
chemical composition of the hair walls of similar plant materials. Thus, 
Roberts (30) found that the hair wall of corn consists of cellulose only, 
whereas Cormack’s (3) analyses of corn roots show a hair wall of two separate 
layers, one outer of calcium pectates and one inner of cellulose. These 
contradictions may be caused by unequalities in the chemical test methods 
and probably also by differences in the various plant materials or culture 
conditions. 

From her analyses of the chemical composition of the walls of root hairs. 
of 16 species Roberts concludes (30) that the calcium pectate membrane on 
the outer surface of the epidermal cells is continuous with ihe middle lamella 
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of calcium pectate of the other cell sides. The outer pectic layer is found to 
be transformed into mucilage, whereas the cellulose layer, according to 
Roberts, gives a greater strength to the wall. In corn the mucilage was found 
to be cellulose, whereas growing roots of Coleus had a pectin mucilage. 
Guttenberg (19) has summarized a number of data on the formation of 
mucilage on the surfaces of growing roots and root hairs. He concludes that 
roots are very often covered by a mucilage layer from the apical meristem 
zone backwards into the root hair region. Thus, this layer is secreted from 
the surface walls before they form root hairs. The development of a mucilage 
layer is different for different plant species and is also highly affected by the 
surrounding medium. In soil the soil particles are held to the root hairs by 
the mucilage layers. 

In our laboratory it has been impossible to demonstrate the occurrence of 
distinctly separated layers of different chemical composition in root hair 
walls of wheat. The cellulose or the pectic constituents can be clearly ana- 
lysed only after pretreatments of the walls, which must have disarranged 
the original organisation of the wall structure (9, 24; cf. 29, 33). 

During the last few years polarization microscopy and electron microscope 
examinations have been used to study the cellulose texture of root hair walls 
(21, 27, 28, 31, 35; see 9). It is shown that the growing apical wall has an 
isotropic structure with the cellulose strands loosely arranged. The mature 
hair wall has the same dispersed fibrillar structure on the outer surface but 
the inner cellulose layers have their microfibrils oriented mainly in the direc- 
tion of the longitudinal axis of the hairs. Houwink and Roelofsen (21) con- 
clude that the inner layers are formed “just below the tip downwards”, which 
is found ta be quite “in line with growth being limited to the tip”. 

From his experiments Cormack (2—6) has concluded that the hardening 
of the active growing apical area of root hairs is “brought about by the gradual 
formation of calcium pectates from the tip of the hair to the base. The pro- 
gressive hardening of the pectic layer confines this softer spot to anarrow area 
at the growing tip where new wall material is being constantly laid down, 
and this determines the narrow diameter of the full-grown hair” (4). It must 
be pointed out that Cormack does not only claim that calcification promotes 
the root hair formation but he also assumes that the gradual calcification 
determines the long, straight shape and the narrow diameter of the hairs. 

In an earlier paper I have studied the elastic properties of growing root 
hairs of wheat (9) and found that the turgor extension of the elongating 
apices was about ten times as high as that of the mature parts of the hairs. 
The differences in elasticity between the growing apices and the mature 
parts of root hairs may be explained as a result of the differences in fibrillar 
texture of the cellulose framework found between the two parts (21, 27, 28, 
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31, 35; see also 9). Furthermore, the fibrillar structure of the hair wall is in 
good agreement with my results that the turgor extension of the wall in the 
transverse direction of the hairs is uniform along the whole length of the 
mature hairs, and is found to be as high as about 5 per cent, whereas the 
hairs are almost inelastic in the longitudinal direction (9, 25). 

Great importance must also be attached to the small variations of root hair 
diameters. In his early experiments Farr (15) examined the diameter of 
root hairs of Georgia collard seedlings cultured in calcium media (conc. 
8—60 mM CaCl,) with varying pH values (3.4—11.4). Farr found that the 
mean diameter of the root hairs in different media varied between 10 and 
30 microns, but there was no regular correlation between the calcium con- 
centration and the variation of the root hair diameter. In my own experi- 
ments the maximum root hair length decreased markedly with the lowering 
of the calcium concentration of the nutrient medium whereas the diameter 
of the hairs was about the same for hairs grown in solutions with high or 
low calcium levels, or in moist air (9). In more detailed examinations of the 
hair dimensions I found that the maximum length of root hairs varied with 
the pH value of the medium, and was also lowered by additions of ammo- 
nium oxalate (11). The hair diameter, however, was unchanged by these 
alterations of the surrounding medium. In quartz bidistilled water, an 
extreme calcium-free medium, the root hairs of wheat are very short and 
their diameter is increased but still uniform along the whole straight part. In 
bidistilled water the hair diameter is also unaffected by oxalate additions. 
In none of my experiments I have observed any abnormally shaped hairs. 
In these experiments there was no correlation between the maximum length 
of the root hairs and their mean diameter. 

Similarly Farr (14) found the maximum length of root hairs higher in 
media with pH 5.9—8.9 and 8-—28 mM CaCl, than in the other media tested 
(pH 3.4—5.4, 9.4—11.4 and calcium concentrations 8—60 mM, or pH values 
3.4—11.4 and calcium 60 mM). There was, however, no correlation between 
the maximum hair length and the mean diameter of the hairs in Farr’s 
experiments either. On his plates Farr demonstrates that the abnormal devel- 
opment of root hairs may occur independently of the pH value or the cal- 
cium level of the medium (16). 

The formation of abnormal root hairs was early mentioned and has been 
repeatedly observed. Farr has summarized the earlier literature and he also 
classified the abnormalities according to their various shapes (13, 16, 17, 18). 
Farr concludes that the variation of the responses that root hairs give to 
changed environment follows the same scheme as the various responses that 
other organs give in a great or small degree to the sudden alteration of their 
surroundings. 
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Since Farr’s work there are only few data on the diameter of root hairs. 
Dittmer (7), however, examined the diameter and the length of root hairs 
of thirty-seven species in twenty plant families. Considerable variation was 
noted in the diameters (5 to 17 microns) and the lengths (80 to 1500 microns) 
of root hairs in the different species but within any one species the size was 
relatively constant. The diameter of the hairs was in no way correlated with 
the hair length. 

From studies of the growth of root hairs and roots in auxin and anti-auxin 
media it was shown (12) that ihe maximum length of root hairs was strongly 
changed, increased in auxin media and decreased in anti-auxin media. No 
abnormally shaped hairs were observed and no extreme change of the hair 
diameter was apparent. In other experiments it was found (10) that root 
hairs are less sensitive to auxin treatments than are roots. Root hairs devel- 
oped in auxin media elongated at a higher rate than hairs in the ordinary 
nutrient solution. 

In his criticism of my work Cormack lays special stress upon his own 
experiments with ammonium oxalate, excessive acidity, or excessive alkalinity 
(4, 5, 6). As mentioned, I have studied the development of root hairs, their 
shape and diameter under similarly varied conditions (11) but have prin- 
cipally avoided extreme culture conditions, which promote root hair abnor- 
malities. The results clearly show that the maximum length of root hairs 
can be strongly changed by variations of the pH-value or by the calcium 
content of the external medium or through addition of ammonium oxalate, 
but in no cases these treatments have brought about any considerable changes 
of the root hair diameter or any abnormalities of the shape of the hairs. In 
all experiments, however, there are marked and statistically significant dif- 
ferences in the maximum length and the mean diameter of the hairs cultured 
in the standard nutrient solution and bairs grown in quartz bidistilled water. 
Within physiological ranges these differences are independent of the pH 
value of the medium or the addition of ammonium oxalate. 

To test his supposition Cormack (5) has finally studied the effects of 
pectic enzymes on the root of Brassica seedlings. The results show that 
treatments of the roots with a flowing solution of 0.75 per cent of a com- 
mercial pectinase preparation, Pectinol 100 D, in distilled water caused “lack 
of hairs, discoloration, plasmolysis, separation of epidermal cells, and 
abnormal sloughing of root-cap tissue” (5). No experimental data were men- 
tioned about the effects of enzyme solutions on the walls of mature root 
hairs or on the walls of hairs developed in enzyme solutions of lower con- 
centrations. In a later paper Cormack (6) has tested a purified pectinase 
preparation and studied the effects on the epidermal cells of Brassica roots. 
Root parts developed in a 1 per cent standing solution were deformed and 
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Table 1. The elongation of wheat and rape roots in enzyme media. 
Growth of controls in mm per 24 hours: Wheat — 18.7-18.8. Rape — 9.1-9.2. 
N=number of independent experiments. 


Root elongation in enzyme media in per cent of control 
RUE Wheat - Rape 
c 2 = - 
per cent | Pectinol 100-D | Pectinase Cellulase | Pectinol 100-D Pectinase | Cellulase 
Ngee | Nese | Ne 87 | Ny ee 
0.05 94 + 3.2 88 + 4.1 — 91 + 7.9 | 96 + 10.1 — 
0.10 90 + 2.8 80 + 2.9 | 77 86 + 10.6 76 + 11.1 — 
0.25 79 + 2.6 75 + 3.3 | 64 64+ 7.0 a ze 1 — 
0,50 69 + 3.7 68 + 3.1 68 + 2.3 | 43 + 3.9 38 + 6.5 74 
0.75 64 61 — 24 25 _- 
1.0 59 + 3.4 56 — 21+ 7.0 20 + 4.2 - 
2.0 48 44 — | — u — 


characterized by the lack of hairs and by a marked separation of the epider- 
mal cells. Occasionally some few cells formed short root hairs, but, according 
to the figures, the hairs show a normal, straight and narrow appearance. 

In the experiments presented in this paper I have tested the effects of two 
pectic enymes (Pectinol (Pectasin) 100-D, Rohm & Haas Co., Philadelphia; 
Pectinase, General Biochemicals, Inc. (GBI), Chagrin Falls, Ohio) and one 
mold cellulase preparation (Cellulase, Delta Chemical Works, Inc., New York) 
on roots and root hairs. In several experimental series the effects of varying 
concentrations of the enzymes are tested on roots and root hairs of wheat 
(Diamant II, Svalöf 1954) and rape (Brassica napus var. oleifera; Regina II, 
Svalöf Orig. 1955). Culture conditions, experimental arrangements and exam- 
ination methods have been the same as described in another paper (11). 
On Brassica roots 0.5 per cent solutions of the two pectic enzymes had the 
same effects as described by Cormack (5, 6). A complete dissolution of the 
walls of root cap cells was frequent in this pectinase concentration, and root 
epidermal cells separated from each other were observed. In these media 
short root hairs were sparsely formed (Table 2), which is in good agreement 
with the results of Cormack’s latest experiments (6). There were no qualita- 
tive or quantitative differences between the effectiveness of the two pectinase 
preparations (Tables 1 to 3). The wheat roots, however, seem to be more 
resistant to the pectic enzymes as short root hairs are more frequently formed 
in 0.5 per cent solutions. Even in a concentration of 2 per cent of pectinase 
the dissolution of the walls of root cap cells of wheat was very infrequent, 
if observed at all, and very short hairs were formed (Table 2). In all the 
experiments there was a clear difference in the resistance of cell walls to 
pectic enzymes between the wheat roots and the Brassica roots. 

In lower concentrations of the pectic enzymes, 0.25 to 0.05 per cent, roots 
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Table 2. The maximum length of root hairs of wheat and rape in enzyme media. 
Maximum hair length of controls in microns: Wheat — 1570-1580, Rape — 1710-1720. 
N as in Table 1. 
m en u en ee I Be ee TEE ES 
| Maximum root hair length in enzyme media in per cent of control 


Enzyme | 
conc. bes Be Se aed 
per cent | Pectinol 100-D Pectinase | Cellulase | Pectinol 100-D | Pectinase | Cellulase 
N=3—7 |N=3—7|n=3—-6| N=3—14 |N+3—11| N=3 

0.05 62 59 + 4.3 = 54 + 8.0 39 + 5.8 — 

0.10 50 + 1.7 al = 6.211138 39 + 7.1 29 =— 3.6 = 

0.25 40 + 1.4 38 + 1.5 == 20 + 2.4 IE) Ss Ae == 

0.50 28 + 2.0 30 + 1.3 | 17 + 0.87 18 + 2.9 10 + 1.3 28 

0.75 21 23 ==: 0 3 = 

| 1.0 12+ 1.5 16 — 3 0 = 

2.0 9 7 = a = = 


and root hairs grow better, but the root elongation and the maximum length 
of root hairs were lowered as compared with the control. These results were 
valid for wheat as well as for Brassica roots (Tables 1 and 2). It is charac- 
teristic that the mean diameter of root hairs was markedly increased by the 
pectic enzyme treatments, but it varies only slightly with the enzyme con- 
centration. Obviously there was no correlation between length and diameter 
of the hairs (Tables 2 and 3). Abnormal shape of root hairs was never 
observed to be initiated by the enzyme treatments. 
The cellulase preparation is only tested preliminarily. The results (Tables 
1 to 3) are principally the same as after pectinase treatments, except that 
there was no dissolution of root cap cell walls or abnormal separation of 
root epidermal cells. Root elongation and maximum hair length are decreased 
in 0.1 to 0.5 per cent cellulase solutions, whereas the mean diameter of the 
hairs is markedly increased. The reactions of the wheat and the Brassica 
roots are qualitatively the same. In the actual experiments the cellulase con- 
taining media are more effective on wheat roots than the corresponding 
pectinase concentrations. On the contrary, roots and root hairs of Brassica 
seem to be less sensitive to the cellulase preparation than to the pectinases. 
The walls of root hairs developed before the treatments are apparently 
not dissolved by the enzyme preparations even in high concentrations. Ob- 
viously, there seem to be some changes of the hair walls but hitherto it has 
been difficult to analyse the detailed effects of pectic and cellulosic enzymes. 
These difficulties are among other things connected with the various reac- 
tions of living and damaged hairs. The difference in resistance to pectic and 
cellulosic enzymes between wheat and Brassica roots involves several com- 
plications, too. 
Recently Cormack has stated that, when “denying the existence of an 
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Table 3. The diameter of root hairs of wheat and rape in enzyme media. 
Root hair diameter of controls in microns: Wheat — 11.0-11.9. Rape — 9.8-10.8. 
N=1—2: 
PL 
: Root hair diameter in enzyme media in per cent of control | 
| Enzyme er meet a a eis =. 
COS Wheat | 
pertcent ; TRS nel ee - aaa = 
Pectinol 100-D | Pectinase | Cellulase | Pectinol 100-D | Pectinase | Cellulase 
| 


Rape 


0.1 == = 147 131 145 = 
0.25 128 | 136 — 151 152 | = 
0.5 119 | 138 139 156 159 153 


outer pectic layer or so-called middle lamella substance”, I cannot “explain 
many well-known cellular phenomena such as the normal sloughing of root- 
cap cells, the formation of intercellular spaces, and the maceration of multi- 
cellular tissues by pathological organisms and chemical reagents” (5). Of 
course, my discussion of the probability of the existence of an outer separate 
layer of pectic substances and a supposed gradual calcification mechanism 
in root hair walls cannot be taken as an indication that I do not know 
anything about the existence of a middle-lamella and its importance in other 
plant tissues. 

I have never claimed that my hypothesis is definitely proved, but the 
results of all my experiments are well compatible with Kerr’s (23) hypo- 
thesis as to the composition, consistence, fibrillar structure, and growth of 
primary cell walls, as well as with the modern view of the cellulose texture 
of root hair walls as shown by electron microscope examinations and pola- 
rization microscopy. It seems quite natural that calcium — one of the cations 
most essential for the growth of plant cells — promotes the development and 
the formation of root hairs, and that this ion is incorporated into the hair 
wall constituents, but it may be questioned if a gradual calcification of an 
outer layer of pectic substances constitutes the main process determining 
the apical growth mechanism of root hairs. In my opinion there are better 
indications in favour of the view that the hair wall is hardened by a forma- 
tion of new cellulose strands, which are formed in the primary walls of the 
apices or laid down on the inner surface of the maturing hair wall. 


Summary 


The effects of pectinase and cellulase preparations dissolved in a basic 
nutrient solution have been studied on root hairs and roots of intact seedlings 
of wheat and rape. 

The pectinase and the cellulase preparations depress the root elongation 
and lower the maximum length of root hairs. The cell walls cf root cap cells 
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of rape are frequently dissolved by high concentrations of the pectinases, 
whereas wheat cells are unaffected. In cellulase media this phenomenon has 
not been observed. 

Both the pectinase and the cellulase treatments increase the root hair 
diameter. There is no correlation between length and diameter of the hairs. 

The cellulase containing media are more effective on wheat roots than 
the corresponding pectinase concentrations. On the contrary, roots and root 
hairs of Brassica seem to be less sensitive to the cellulase preparation than 
to the pectinases. 

The growth mechanism of root hairs has been discussed and several results 
are referred to, which support the author’s view that the root hair wall is 
hardened by a formation of new cellulose strands in the primary walls of 
the growing hair apices. 


I wish to thank the management of Resins, Metals, & Chemicals Co. AB (RMC- 
bolaget), Stockholm, for a generous sample of Pectinol (Pectasin) 100-D. 

This investigation has been supported by a grant from the Swedish Natural 
Science Research Council. 
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Introduction and methods 


It has repeatedly been shown that some sugars inhibit the growth of intact 
higher plants. Knudson (1915, 1917) showed that galactose and mannose 
depressed growth of roots of wheat and other plants. Similar observations 
have been made by Steinberg (1947) and Farkas (1954) with galactose, and 
by Wachtel (1943) with mannose. In experiments with cultures of isolated 
roots galactose and mannose have been found unsuitable or toxic (Bonner 
and Addicott 1937, Burström 1941, 1948, White 1943, Slankis 1948, Street 
and Lowe 1950). In this case, however, it is often difficult to decide if the 
sugar is really toxic or only unsuitable as a carbon source, as the roots are 
dependent on externally supplied carbohydrates. Even when the growth is 
impeded in the presence of glucose or sucrose the cause may be a hindered 
uptake of these sugars and not a real toxicity. Also the growth and respira- 
tion of pollen tubes is inhibited by mannose, whereas galactose can be utilized, 
at least by some species (Okunuki 1937, O’Kelley 1955, Hellmers and Machlis 
1956). For orchid seedlings mannose is a good carbohydrate source (Wynd 
1933). In leaves, galactose and mannose are utilized in feeding experiments 
(Nurmia 1935, McCready and Hassid 1941), and there are also indications 
that roots of some higher plants are insensitive to galactose (Wachtel 1943, 
Burström 1948). Microorganisms as a rule use the two sugars readily (see 
Lilly and Barnett 1951). In most experiments with higher plants only the 
effects of relatively high concentrations upon the growth have been observed, 
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and the data about the toxic effects upon other metabolic activities are few. 
It seems therefore pertinent to investigate the effects of toxic sugars more in 
detail to elucidate their effects upon different processes in the plant, especially 
as the toxicity in some cases is confined to certain organs or species. 


In a previous paper (Stenlid 1954) it was shown that D-mannose, D-glucosamine, 
and 2-desoxy-D-glucose (2-DG) inhibited chloride accumulation and oxygen uptake 
in young wheat roots and that these effects were reversed by certain other sugars. 
p-galactose had no similar effects, although it is known to inhibit the growth of 
wheat roots (Knudson 1917, Burström 1948). The present paper deals with the 
toxic effects of some sugars upon root growth and also: with the growth in mixtures 
of toxic and non-toxic sugars. The effects are compared with those obtained in 
experiments on chloride accumulation and a quantitative analysis is attempted to 
see if it is possible to explain the toxic effects as a competitive inhibition at some 
enzyme. 

Wheat seeds (Svalöfs spring wheat Diamant II) were treated with calcium hypo- 
chlorite one hour, rinsed and soaked in distilled water for 20 hours and thereafter 
grown on moist filter papers in horizontally placed Petri dishes for about 48 hours 
at 20°C. Seedlings with the central primary root about 25 mm long were selected 
and placed with the central root in the holes of cork disks floating on nutrient 
solutions with various additions of sugar (the nutrient solution was the same as 
used by Ekdahl 1953). The length of the central root was measured at the start 
of the experiment and after 24 hours in the solution. The increase in length was 
used as a measure of root growth. The experiments were performed in the dark at 
20°C. The solutions were aerated before the experiments were started, and as 
aeration during the experiments with these short roots had no or very slight in- 
fluence it was omitted. 15 seedlings were placed on each cork disk and for the 
calculations the 10 roots showing the best growth were used. As a rule not more than 
one or two roots were damaged per disk, but for the sake of simplicity five roots 
were always excluded to be sure that the selection should not be incorrect. For 
every concentration tested three cork disks were placed in a beaker with 300 ml 
solution and the experiments were repeated at least once, but in most cases 2 or 3 
times. Every value is thus the mean of at least 60 roots. The growth values are given 
as per cent of the control growth in the nutrient solution without sugar. The growth 
of the control was 19—24 mm/24 hours. 

The inhibition in per cent caused by a certain concentration of a toxic sugar was 
rather constant when the experiments were performed with seed material from the 
same year. It varied somewhat with the time of storage and also for seeds from 
different years. The general trend of the curves and the relative effects of the dif- 
ferent sugars were always the same, however. Examples of the accuracy obtained with 
the material in this investigation are given in Table 1, where the standard error 


KR) 
las of the means from the experiments in some concentrations of toxic 
n (n — 


sugars is given. 

The sugars used were of the highest purity grade commercially available (Pfan- 
stiehl, Hoffman la Roche, Merck, Coleman and Bell, Difco). 2-desoxy-D-glucose was 
obtained through the courtesy of dr F. B. Cramer, Biochemical Research Founda- 
tion Delaware. It has been suggested (see Burström 1948, Farkas 1954) that some 
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impurity in the sugars might possibly be responsible for the toxic effects. Neither 
Burström nor Farkas found this possibility very probable, however. In the present 
investigation preparations from different firms have been compared and recrystal- 
lisation has also been made in some cases. No significant differences were found, 
and it is indeed not likely that impurities of such magnitude should be present 
that they could influence the growth strongly after dilution to the low concentrations 
applied in this investigation. Besides it should not as a rule be possible to reverse 
an inhibition by a noncarbohydrate through the addition of a carbohydrate. 

The experiments on chloride accumulation were made as described in Stenlid 
1957 a. The absorption of the controls was 10—14 uequiv./4 hours and 100 mg dry 
matter. 


Experimental results 


Four sugars, namely D-galactose, D-mannose, 2-desoxy-D-glucose (2-DG), 
and D-glucosamine were found toxic to root growth (see figure 1 and Table 1). 
Of these sugars glucosamine gave rather irregular effects with great varia- 
tions between the experiments. This was found also in the experiments on 
chloride accumulation. Probably this is connected with the greater instability 
of glucosamine compared to the other sugars applied. The four sugars were 
all toxic to root growth already in rather low concentrations (50 per cent 
inhibition was obtained in about 3:10”? M 2-DG, 2:10=* M galactose, 
3-10=* M mannose, and 10 * M glucosamine). The other sugars tested had 
no pronounced inhibitory effects in concentrations up to 10”? M (see Table 2). 
Neither were any positive effects observed, which obviously means that the 
wheat seedlings contain a sufficient amount of available carbohydrates for 
root elongation under the experimental conditions. This is also to be expected 
as the carbohydrate reserve in the grain is still rather ample at this stage. 

Abnormal colorations and curvatures were often observed in the roots. 
Special attention shall only be called to a peculiar phenomenon met with in 


100 


Figure 1. Growth of wheat roots 
in nutrient solution with the ad- 
dition of D-mannose (MA), D-ga- 
lactose (GA), and 2-desoxy-D-glu- 
cose (2-DG). Growth values in 
per cent of control in nutrient 
solution are plotted against a 
logarithmic concentration scale 
(M=mol. per litre). For further 10-6 10-2 10-4 10-3 10-2 
explanations see p. 808. SUGAR CONC. M 
Physiol. Plant., 10, 1957 


ROOT GROWTH (% OF CONTROL) 
a 
© 


GÖRAN STENLID 


810 


— — — — — — — — — — — 9& |" 8-01 ’Od-I-2S09np 
— — _ — = = = IL — — — IS |*"* ¢-OL- € 2Sorqorre) 
= = — = — = — 89 = = — £g |" ¢ OT- & 9sSoeM 
=. a => En = es, de 3 +: = — gr ss... g-0T 2 € «6 
— — — — — = = L9 = 69 — Ce er s-OT r 
— = — — = = = 0€ = LG = Bee; 701° Sa ES 
= <a = a. =. En SR ce ‘a = > Nee »-0I 9soJAX 
— == — — — — — 19 — = — 6£ g-0T + £ 9soponıg 
Er a Ds ae . i. LL on 2 En = 0g ss... g-0T 3 € “ 
== 144 = = — — 89 GL +P 16 = SRG RSA s-OF 5 
— — — — — = LE €L = eg = IV Gives oc 01 -E © 
— — — — = = — eg = 9L — Lewea spc 5-0T  2SO19nç 
= = = = = ce = — eg = 76 ee CRE 2 DIS 
== OL = = — cr €8 = +9 66 124 BIT ae es s-OT ue 
— — — — = LG #¢ L8 ££ FL ££ 69. a »-01 € 5 
— — = — = == GE LL == 9¢ = CR 9 r-0T tg 
=. = = = = — — ze | — _ — 113 À Bl; mn a g-0T - £ sony 
IG ge 9¢ 86 GOL |L'IFISG GIF @eFsel\9lFre yeriıritıFiız FrıF8SZ 0 
NOT We-Ol-€ We-Ol Wy-Ol-€ Wy-Ol|We-Ol-€ MOL We-Ol-€| We-Ol WzOl-iWe-Ol-E We-Ol 
auIWESOPNI) ra asoon[s-d-Axosap-z 2S0J98]81) asouuew N 
peppe 1e8ns ZuLıo}soy 
peppe awöns suniqiyuy 


—_—_—————————_—_—… "|. 
‘18 ‘d 995 suoreuedxa Joyjıny 10,4 "papnpur 919m 1e8ns BUII0JS9I JNOUJIM 

I88ns 2IX0} UL PUB UOTNIOS JU2LINU uf S[01}U09 Juswrıodxa Aısaa u] 'soinyxrur Iedns oY} uf sonjeA ay} 0} afqereduwoo Apr.ıys jou pue 

SUONBUTULISI2P SIQUIIEAE [fe JO UBaur ou} 218 IESNSs ZurIojsa1 MNOUJIM SieSNs 91X0} oY} 10 SonjeA oy, 'sıeIns MOyNM [OIJUO9 eu} Jo 

yueo Jed se passaidxe st 4}MO18 ay,L ‘pappo sinbns Juasaffip Jo saınzenu YHM suonnjos JU21IJNU un SJ001 waym Jo yJmoay ‘J ajgeL 


Physiol. Plant., 10, 1957 


TOXIC EFFECTS OF SOME SUGARS 811 


Table 2. Growth of wheat roots in nutrient solutions with addition of various sugars. The 
values give the growth in per cent of the control. For further explanations see p. 808. 
SS a EEE 


Salades a Concentration 
10-3 M 3 -10—3 M. 10-2 M 
Glucose israel He 95 99 97 
Sucrose ............ — 99 — 
ÉTUCIOSe +... 2202 — — 98 
D-XylOSe” .. chs oes es 105 27 99 
L-Arabinose ........ — 94 _ 
D-Arabinose ........ — | 103 — 


the galactose solutions. Roots from the 10-2? M galactose solutions showed 
a pronounced, sharp curvature 2 to 3 mm from the tip which was 
unusually regular and always orientated in the same way. If the seedlings 
after the experiment were placed with the furrow downwards and the 
roots horizontally the curvature pointed obliquely downwards to the 
right, when the root was viewed from the seed towards the tip. As the 
seedlings had been grown with the furrow downwards in horizontal Petri 
dishes before they were transferred to the solutions, it was thought reason- 
able that the curvature had been induced geotropically before the trans- 
ference to the nutrient solutions. Some seeds were therefore placed with the 
furrow upwards when growing in the Petri dishes. After the growth experi- 
ments most of the curvatures were now directed to the left if the plants were 
orientated in the same way. There must thus be some sort of combined action 
of galactose in the nutrient solution and the geotropic stimulus in the Petri 
dishes. An inherent spiral growth may also contribute. 

The inhibitions obtained with the four sugars mentioned above were all 
reversed by glucose. Also other sugars were effective in reducing the decrease 
in root growth (see Table 1). In the case of growth restoration with glucose 
a quantitative analysis of the data has been attempted. For the competitive 
inhibition of an enzymatic reaction straight lines converging towards one 
point on the ordinate (with different slopes for different inhibitor concentra- 
tions) will be obtained if the reciprocal values of substrate concentration are 
plotted against the reciprocal values of the reaction velocity. Assuming the 
growth rate to be a measure of the reaction velocity and putting glucose con- 
centration as substrate concentration it is possible to construct such “double 
reciprocal plots” for the growth in mixtures of glucose with toxic sugars 
(figures 2 to 4). A fairly good agreement with the theory of competitive 
inhibition is obtained both for D-galactose, D-mannose and 2-DG. For other 
sugars giving reversal of the inhibition the data are too few to permit a 
similar analysis, but the effects of sucrose and xylose seem to be competi- 
tive. For sucrose a quantitative analysis is complicated by the fact that this 
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Figure 2. Figure 3. 


Figure 2. Reciprocal values of root growth (1/G) 
and glucose concentration (1/C) plotted for mixtures 
of mannose and glucose. Root growth in control 
without sugars=1.00. C=glucose concentration in 
nutrient solution (mol. per litre). Mannose concen- 
trations 10°? M and 3 : 10% M. For further explana- 
tions see pp. 808 and 811. 


2-DG 10-4 M 


Figure 3. Reciprocal values of root growth (1/G) 
and glucose concentration (1/C) plotted for mix- 
tures of D-galactose and glucose. For further ex- 


2-DG 3x10-° M planations see figure 2. 


Re Figure 4. Reciprocal values of root growth (1/G) 
2153 a and glucose concentration (1/C) plotted for mix- 
tures of 2-DG and glucose. For further explanations 

1/C (GLUCOSE) 


see figure 2. 


Figure 4. 


sugar is rapidly split at the root surface (see Burström 1941) giving rise to 
glucose, which is probably the active sugar also in this case. The concentra- 
tion of glucose is thus rising during the experiment. 

Before discussing the possible significance of these results, it is suitable 
to make a short comparison with the results from the experiments on chloride 
accumulation (see also Stenlid 1954) Concentration-response curves for the 
inhibitory effects of mannose and 2-DG and double reciprocal plots for 
chloride accumulation in mixtures of the toxic sugars with glucose and 
galactose are given in figures 5 to 9. It is seen that also here a rather good 
agreement is obtained with the curves to be expected for a competitive in- 
hibition except for mixtures of 2-DG and galactose (fig. 9) where the curves 
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Figure 5. The effect of galactose, man- 
nose, and 2-DG upon chloride accu- 
mulation in young wheat roots. Chlo- 
ride accumulation in per cent of control 
without sugars. Sugar concentration in 
mol. per litre. For further explanations 
see p. 809. 
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Figure 6. Reciprocal values of chlo- 
ride accumulation (1/a) and glucose 
concentration (1/C) plotted for mix- 
tures of mannose and glucose. Chlo- MA 10-3 M 


ride accumulation in control with- © 
Be 


out sugars=1.00. C=glucose con- 
centration in solution (mol. per 1 aa 


litre). For further explanations see 


3 3 3 3 
p. 812. 10 2x10 3x10 4x10 


1/C (GLUCOSE ) 


deviate from those in the other mixtures, and are of an irregular type. In the 
experiments with 3-107? M 2-DG it was not possible to obtain more than a 
slight reversal of the inhibition, not even with high galactose concentrations, 
which suggests that the inhibition is not of a pure competitive type. Also the 
curves for the mixtures 2-DG+glucose (fig. 7) are somewhat irregular. (For 
a discussion of the different types of inhibition and the double reciprocal 
plots see Neilands and Stumpf 1955). Unfortunately it was not possible to 
make experiments with mixtures containing still higher concentrations of 
2-DG as the available amount of substance was limited. 

Also in the accumulation experiments some other sugars than glucose were 
active in restoring the activity of inhibited roots (see Table 3 where results 
with mannose are given; the general trend in the experiments with 2-DG 
and glucosamine was the same). Leaving galactose out of account, the rela- 
tive effectivity was about the same as in the growth experiments, sucrose 
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Figure 7. Figure 9. 


Figure 7. Reciprocal values of chlo- 
MA 3x10-3 M ride accumulation (1/a) and glucose 
concentration (1/C) plotted for mix- 
tures of 2-DG and glucose. For fur- 
ther explanations see figure 6. 


Figure 8. Reciprocal values of chlo- 
ride accumulation (1/a) and galac- 
tose concentration (1/C) plotted for 
mixtures of mannose and galactose. 
C=galactose concentration in solu- 
tion (mol. per litre). For further ex- 
planations see figure 6. 


MA 10-3M 
e 


MA 3x10-4 M Figure 9. Reciprocal values of chlo- 
ride accumulation (1/a) and galac- 
tose concentration (1/C) plotted for 


103 2x103 3x103 4x103 mixtures of 2-DG and galactose. 
1/C (GALACTOSE ) For further explanations see figures 
6 and 8. 
Figure 8. 


and xylose being the most active, L-arabinose, fructose, cellobiose and maltose 
less active, and D-arabinose (and a number of other sugars) almost inactive. 
D-xylose and D-ribose (but not D-arabinose) are used as respiratory substrates 
by plant roots (Beevers 1956, Axelrod and Beevers 1956) and D-xylose can 
also be supplied as precursor for the glucose units in cellulose in wheat leaves 
(Neish 1955). Ginsburg and Hassid (see Axelrod and Beevers 1956) showed 
that D-xylose is converted into sucrose by wheat seedlings. The positive effects 
of maltose and cellobiose are probably due to hydrolysis of the sugars. Wheat 
roots split maltose slowly (Burström 1941) and contain an active ß-glucosidase 
(Stenlid 1957 b). Almestrand (1957) reports the two sugars to be possible 
carbohydrate sources for excised wheat roots. All these results are in good 
agreement with the present investigation. It can also be pointed out that 
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Table 3. Chloride accumulation in mixtures of 10-3 M mannose and other sugars. The 
values give the absorption in per cent of the control. For further details see pp. 809 and 818. 
ne ee nn messen ee 


enredded Concentration of added sugar M 
0 10-4 3 - 10—4 10-3 3 -10—3 10—2 3-10-2 
D-Glucose ..... 25 37 51 85 105 — — 
D-Galactose .... 24 — 36 64 96 108 -- 
D-Fructose .... 26 — — a 26 36 — 
D-Xylose ...... 26 — 27 39 63 85 == 
D-Arabinose ... 23 = — — — = 30 
L-Arabinose ... 23 -- — —- — — zB 
Sucrose ...... = 25 40 51 76 —— — — 
Cellobiose ..... 24 — — — 53 78 — 
Maltose ....... 22 — — — 56 tr — 
Wactoser....... 23 — _ 31 32 — 
Raffinose ..... 27 — — — 28 31 = 
Melezitose . .... 19 — — — 23 — — 
Glucose-1-PO4... 20 — = 30 27 48 — 


glucose-1-phosphate is rather ineffective in counteracting inhibition, which 
is possibly due to slow absorption (cf. Thimann and Marrè 1954, Almestrand 
1957). 

Comparing the effects upon chloride accumulation and growth some dif- 
ferences are conspicuous. Galactose is different from the other sugars in 
being nontoxic to chloride accumulation (and also to respiration; unpublished 
experiments, cf. Stenlid 1954). Further the slope of the concentration curve 
for growth inhibition by galactose is not typically sigmoid as it is for man- 
nose and 2-DG. Between 2-DG and mannose there are distinct quantitative 
differences. In the experiments on chloride accumulation mannose was a 
more powerful inhibitor than 2-DG, while the reverse was true for the growth 
experiments. The reversal by galactose of the inhibition of chloride accu- 
mulation is also different as mentioned above. It is therefore justified to 
assume different action patterns for the three sugars. 

The growth inhibitions are somewhat less pronounced in light, certainly 
due to sugars formed during photosynthesis. Adenosinetriphosphate and 
inorganic phosphate gave only small effeets and no such distinct reversing 
effects as reported by Farkas (1954). 


Discussion 


It seems plausible to assume that the toxic effects of the sugars are due to 
competition with glucose or some other necessary sugar or sugar derivative. 
Keeping in mind the great many reactions, both synthetic and catabolic, 
which require sugars or sugar phosphates it is realized that it must be a 
very intricate problem to elucidate the possible enzymatic reaction or reac- 
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tions where the inhibition sets in. The multitude of reactions makes it easy 
to find a possible explanation, but on the same time difficult to prove which 
is the real one. Considering the effect of sugars upon enzyme systems most 
of the evidence must be taken from other organs or organisms and it is by 
no means certain that the enzymes in wheat roots (if present) react in the 
same way. It is therefore not possible to correlate the effects with inhibitions 
of special enzymes, but some suggestions of possible explanations will never- 
theless be made. 

First it should be pointed out that the sugars may inhibit in two funda- 
mentally different ways. They may inhibit some link in the respiratory 
metabolism where the sugars serve as a substrate, or they may block the 
utilization of glucose or some other sugar as building units in the synthesis 
of cell wall or cytoplasmic material. In connection with ion accumulation 
mainly the first point of view is important as ion accumulation is intimately 
coupled to energy metabolism. Sugars may however be necessary also for 
the synthesis of carriers or as acceptors in the assimilation of e.g. nitrate 
or phosphate ions. In the growth process sugar is necessary both as mother 
substance for cellulose, pectic substances and other cell materials, and for 
the catabolic reactions coupled with the synthesis of new substances. 

One rather uncertain factor in the discussion is the availability of endo- 
genous sugars. It is surprising that a considerable reversal of the inhibitory 
effects is obtained with as low concentrations of glucose as 10-410 M. 
The content of reducing sugars in the root is about 3—6 : 10°? M (see Stenlid 
1957 a), i.e. about 100 times the concentration supplied externally. It is also 
seen that relatively straight lines are obtained in figures 2 to 4 and 6 to 8 
although no correction is applied for the endogenous sugar. This must be 
interpreted so that the principal part of the sugars in the root is not imme- 
diately available at all places where growth and ion accumulation are 
regulated. The transport from the vacuoles may be rather slow (cf. Bennet- 
Clark and Bexon 1943, Collander 1956) and the effective concentration at the 
crucial sites for growth and accumulation is obviously much lower than the 
concentration obtained through an analysis of the total sugar content in the 
root. The concentration of sugars in the elongation zone is much lower than 
in the meristematic zone and the basal parts of pea roots (Wanner 1952). It 
must also be remembered that there are other reducing sugars than glucose 
in the wheat roots and that fructose is by no means as active as glucose in 
reversing the toxic effects. In any case this is another example that one must 
be very cautious when discussing the availability of plant constituents for 
reactions in the organs (cf. the discussion in Sutcliffe 1953, 1954). 

A factor that must also be considered is to what extent the roots are capable 
of transforming galactose and mannose to glucose. It is known that different 
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sugars may be interconverted in plants (for reviews see Hassid and Putman 
1950, Stumpf 1952, Axelrod and Beevers 1956). Both mannose and galactose 
are transformed to fructose, glucose and sucrose in leaves (Nurmia 1935, 
McCready and Hassid 1941) and also pentoses may be converted to hexoses. 
Recently the conversion of galactose to sucrose and glucose was shown to 
take place also in wheat seedlings (Hassid, Putman, and Ginsburg 1956). 

The mechanism for the conversion of mannose to glucose or sucrose is 
not clear; at least there is no evidence for a transformation via their common 
enolic form (Clements 1932, Hassid and Putman 1950). The conversion of 
galactose is possible through the action of the “galactowaldenase system” 
consisting of i.a. galactokinase (giving galactose-1-phosphate) and phospho- 
galactoisomerase (transforming galactose-1-phosphate to glucose-1-phos- 
phate). The latter enzyme requires uridine diphosphate glucose as a cofactor 
(see Leloir 1951, Kalckar 1957) and it is interesting to note that this com- 
pound and also the corresponding derivatives of D-galactose, D-xylose, and 
L-arabinose have been demonstrated in mung bean seedlings (Ginsburg, 
Stumpf, and Hassid 1956). The transformation via such waldenase systems 
is therefore certainly a possibility to be considered in plants, although the 
occurrence in different organs of the enzymes is not known. As many sugars 
are thus interconverted in different ways, it is often difficult or impossible 
to decide if the added sugars are active directly or after transformation to 
other sugars or sugar derivatives. The spatial arrangements in wheat roots 
may be such that the galactose is converted to glucose before it reaches the 
critical point where ion accumulation is attacked, but that the conversion is 
incomplete at the enzymes where galactose inhibits growth. 

All the toxic sugars are absorbed by the roots, galactose most rapidly. The 
absorption of some sugars is given in Table 4. The values include both 
absorbed sugar and sugar which may have been metabolized at the root 
surface. 

The complications mentioned above are of importance not only in a dis- 
cussion of the divergent effects upon different processes in the same organ, 
but also when trying to explain differences between organs and species. 
Preliminary experiments, where the root growth of other species than wheat 
was tested with the methods used in this investigation, have shown that 
several species are much less sensitive than wheat roots, and that some 
seem to be insensitive to galactose. This species difference may be due ia. 
either to the predominance of other enzyme systems in the growth, which 
are less sensitive to galactose, to a more rapid transformation of galactose to 
glucose, or to different rates in uptake and transport. 

Another complication must be mentioned. When e.4. glucose competitively 
hinders the toxic effects of 2-DG this may be explasied in different ways. 
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Table 4. Absorption of different sugars by excised wheat roots in aerated phosphate buffers 

(pH 6.8, 0.002 M) at 25°C. Concentration of the sugars 0.002 M. Sugar determinations were 

made on samples from the solution at the start and the end of the experiment with the 
method of Philipson (1943). 


S Absorption uM per 4 hours Sea Absorption uM per 4 hours 
ae and 100 mg dry matter = and 100 mg dry matter 
WERE EL BEL wg Ec re De A er 1 7 2 ETF en 
D-Glucose ..... 35 D-Mannose .... 13 
D-Xylose ...... 24 2- DGRRER BER 13 
D-Galactose .... 22 L-Arabinose ... 13 
D-Fructose .... 21 D-Arabinose ... 5 
D-Glucosamine 17 


Glucose may act competitively at the very enzyme which is blocked by 2-DG 
thus restoring the enzyme activity. But the externally applied glucose may 
also be antagonistic by hindering the absorption of 2-DG either at the root 
surface or at some other place on its way to the enzyme in question. If a 
blocking of the absorption at the surface is assumed the inactivity of endo- 
genous sugars would easily by explained. Further it is possible that the toxic 
substance is not 2-DG itself, but e.g. some phosphoric ester which acts com- 
petitively against another sugar phosphate. In this case the restoring effect 
of glucose may be due either to competition in the synthesis of the phos- 
phate or in the further metabolism of the phosphate. 

Hexokinase from wheat germs is capable of phosphorylating glucose, man- 
nose, fructose and glucosamine but not galactose (Saltman 1953). 2-DG was 
not tested with wheat hexokinase, but as it can serve as a substrate for yeast 
hexokinase (Woodward and Hudson 1955), the same can be supposed also 
for the wheat enzyme. The properties of hexokinase give a possible clue to 
the diverging behaviour of galactose, if it is assumed that reaction with the 


enzyme is a prerequisite for the toxic effects upon chloride accumulation and 
respiration. 


The affinity of glucose for yeast hexokinase is about three times greater 
than that of 2-DG, and in an equimolecular mixture the phosphorylation 
of glucose is only slightly depressed (Woodward and Hudson 1955). There- 
fore it is not very probable that a simple competition between 2-DG and 
glucose and an inhibition of hexokinase causes the toxic effects upon wheat 
roots. Another possibility is that the 6-phosphate (or some further product 
of it) is toxic to some other enzyme. Wick et al. (1957) showed that 2-DG- 
6-PO, competitively inhibits the formation of fructose-6-PO, from glucose- 
6-PO, through phosphoglucoisomerase. This leads to accumulation of glu- 
cose-6-PO,, which in its turn may inhibit hexokinase. Almestrand (1957) 
found that fructose 1-6-diphosphate inhibited growth in excised roots. 
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It may then appear surprising that galactose, which is not attacked by 
hexokinase, is an active restoring substance in roots where chloride accu- 
mulation is inhibited. This may be explained either by assuming galactose 
to hinder the transport or formation of the toxic substances, or to utilization 
of galactose in some other way than via hexokinase (perhaps after conver- 
sion to glucose). As galactose gives positive effects in starved roots (see Sten- 
lid 1957 a) it is no doubt metabolized in some way (cf. Burström 1948) and 
galactose or some metabolic product derived from it may well be antagonistic 
towards the toxic substances at some other enzyme than hexokinase. That 
galactose is really antagonistic against mannose may be taken as another 
indication that the primary toxic effect of mannose and 2-DG is not inhibi- 
tion of hexokinase. The incomplete reversal of the 2-DG effect upon chloride 
accumulation by galactose (figure 9) suggests that the effect of 2-DG is com- 
plex and not totally identical with that of mannose. 

2-DG is less toxic than mannose to chloride accumulation when given 
alone, but nevertheless higher concentrations of glucose are needed to reverse 
the inhibition (figures 5 to 7, cf. Stenlid 1954). This may be interpreted in 
different ways. The 6-phosphate is formed more slowly from 2-DG than 
from mannose through hexokinase and these phosphates or other toxic 
substances formed may then inhibit different enzymes where the endogenous 
sugar supply is different. It is also possible that 2-DG which is the more 
potent growth inhibitor affects ion accumulation in a complex manner, e.g. 
partly in the same way as mannose, partly indirectly via the growth inhibi- 
tion. The different reaction to galactose additions indicates also that there is 
some qualitative difference between the effect of the two sugars upon chloride 
accumulation. 

Other enzymes involved in the respiratory metabolism are also inhibited 
by sugars or sugar derivatives (e.g. aldolase and phosphorylase, see Colo- 
wick and Kaplan 1955) but with the scanty data available it seems premature 
to suggest any special reaction as responsible for the inhibitions in plant 
roots. 

Also hydrolyzing enzymes are inhibited by different sugars (see e.g. data 
for invertase in Neuberg and Mandl 1950 and for ß-glucosidase in Jermyn 
1957 and Stenlid 1957 b). Both invertase (Burström 1941) and ß-glucosidase 
(Stenlid 1957 b) have been shown to occur in wheat roots. These enzymes 
may also act as transferring enzymes giving rise to different oligosaccharides 
which might be of importance in the synthesis of cell materials. No important 
function of these enzymes has yet been demonstrated in wheat roots, how- 
ever, and it is not possible to correlate the action upon these enzymes with 
the toxic effects. 

Accumulation and assimilation of nitrate ions are inhibited by mannose 
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and 2-DG to about the same degree as chloride accumulation (unpublished 
results by the author) and this may of course contribute to the growth inhibi- 
tion. Galactose has a weak inhibiting effect upon the nitrate metabolism in 
freshly excised wheat roots. As galactose stimulates the accumulation of 
nitrate in roots with lower sugar content (Stenlid 1957 a), and is also antago- 
nistic to the effects of 2-DG and mannose upon nitrate metabolism (un- 
published results), it does not seem possible to explain the growth inhibition 
by galactose as an effect upon nitrate metabolism. 

The effects of galactose are confined to the D-form. The stereoisomeric 
L-galactose has also been tested, but it had no inhibiting effect upon growth 
(810-3 M), chloride accumulation (3:10? M) or oxygen uptake (2: 10-?M). 
It has not been possible to test the substance in higher concentrations or in 
combination experiments as only a small quantity was available. 

2-DG is a more specific growth inhibitor than mannose, and it seems 
unlikely that the two sugars inhibit growth in the same manner. They may 
have some effect in common, arising from the action upon respiration, and 
besides 2-DG may have a special effect upon growth. If this growth effect 
indirectly depresses chloride accumulation and respiration, it is not identical 
with the growth effect of galactose as no such effect upon the other processes 
is noticeable for this sugar. It may then be suggested that part of inhibition 
of accumulation is similar to the mannose effect and is reversed by galactose, 
whereas the indirect effect is not. This explains why no distinct competitive 
antagonism is obtained between 2-DG and galactose in the accumulation 
experiments. 

2-DG is known to be a potent inhibitor of several vital processes in yeast, 
including aerobic and anaerobic fermentation (Cramer and Woodward 1952, 
Woodward 1952). The inhibition was only found in preparations of living 
yeast, whereas the fermentation in extracts was not inhibited by 2-DG. The 
toxic action in yeast thus seems to be intimately connected with the structure 
in the living cell. 

It has been suggested that 2-DG interferes with the synthesis of nucleic 
acids, blocking the process leading to formation of ribose or desoxyribose. 
Sokoloff et al. (1956) found that adult rats were insensitive to 2-DG, but that 
the growth of young rats was inhibited. They also found that the growth 
of rat carcinoma was inhibited and that the content of desoxynucleic acid 
was decreased by 2-DG. They suggest that these effects are due to antagonism 
to some glucose metabolite leading to the formation of pentoses. 

Trying to summarize the attempts to explain why galactose is toxic to 
growth but not to respiration or ion accumulation, the more important pos- 
sibilities may be formulated as follows: 
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1) The effect is due to antagonism against glucose or some other sugar 
used as a skeleton substance in cell materials. 

2) Galactose inhibits some special reaction in the energy metabolism ne- 
cessary to growth but not to ion accumulation. 

3) Galactose is transported only to the places where the growth is inhibited, 
not to the sites where accumulation and respiration are attacked. This means 
e.g. that the growth is inhibited close at the root surface. 


4) Galactose is converted to glucose before it reaches the crucial point for 
ion accumulation. 


For the other sugars causing growth inhibitions the alternatives 1) and 2) 
are also valid, and besides it is possible that the inhibition of respiration is 
the primary effect and the growth inhibition indirect. 

It is not possible to decide between the different alternatives for inhibition, 
but it seems probable that the sugars have different modes of action. All 
three sugars may inhibit growth by blocking glucose or some other sugar 
as a building unit (at identical or different sites), but it seems probable that 
the effects of mannose and 2-DG are at least to a certain degree correlated 
with the inhibition of the respiratory system. 


Summary 


1. Root growth in young wheat seedlings grown in nutrient solution in 
the dark is inhibited by D-glucosamine (50 per cent inhibition by 10° M), 
D-mannose (50 per cent inhibition by 3:10”? M), D-galactose (50 per cent 
inhibition by 2:10? M), and 2-desoxy-D-glucose (50 per cent inhibition 
by 3:10”? M). The same sugars except for galactose inhibit chloride accu- 
mulation and respiration. 

2. The inhibitions are reversed by glucose, sucrose, xylose and some other 
sugars. The inhibition of chloride accumulation is reversed also by galactose. 
At least the reversal by glucose is of the competitive type. 

3. A comparison between the inhibitions of growth and chloride accu- 
mulation indicates that mannose and 2-DG act in different manners. 

4. It is assumed that the toxic effects are due to antagonism to glucose 
or some other sugar or sugar derivative both as an energy source and as a 
building unit. 

5. It is suggested that the diverging behaviour of galactose is connected 
with the fact that galactose is not phosphorylated by hexokinase in contrast 
to the other toxic sugars. 


This investigation has been supported by a grant from Magnus Bergvalls Stiftelse, 
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Introduction 


Klöcker (1916) noted that when Aspergillus glaucus and A. repens were 
grown in liquid media, a fluorescent pigment was produced which diffuses 
into the culture solution. The chemical nature of this fluorescent pigment has 
never been established. This report is concerned with studies made with the 
object of determining the nature of the fluorescent substance produced by 
A. repens. 

Aspergillus repens (Cda.) De Bary is a member of the Aspergillus glaucus 
group. Fungi of this group are found in nature growing upon substrata of 
high osmotic pressure, and are characterized morphologically by the pro- 
duction of yellow perithecia (Thom and Raper, 1945). Gould and Raistrick 
(1934) isolated from the mycelium of species of the A. glaucus group a fluo- 
rescent pigment which they designated rubroglaucin. It was shown by Ashley 
et al. (1939) that “rubroglaucin” was a mixture of two polyhydroxyanthra- 
quinones, one of which, erythroglaucin, is fluorescent. The structure of 
erythroglaucin was determined by Anslow and Raistrick (1940) as 1,4,5-tri- 
hydroxy-7-methoxy-2-methyl anthraquinone. Because the mycelia of certain 
species of the A. glaucus group contain erythroglaucin, it seemed possible 
that conditions might be found under which it was excreted into the medium. 
Thus erythroglaucin might be responsible for fluorescence of the culture 
solutions of A. repens. 

Riboflavin is a fluorescent compound of universal occurrence in living 
cells. The production of considerable quantities of riboflavin has been noted 
in the culture filtrates of several species of Aspergillus, including A. niger 
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(Lavollay and Laborey, 1939; Knobloch and Sellmann, 1941; Sarasin, 1953), 
A. itaconicus (Knobloch and Sellmann, 1941); and A. oryzae (Kaneko et al., 
1949). Peltier and Borchers (1947) tested 113 isolates of Aspergillus for ribo- 
flavin production, finding that 21 produce this vitamin in considerable quan- 
tities. Thus riboflavin might be considered in any explanation of the fluo- 
rescence produced by A. repens. 


Materials and Methods 


In March, 1956, Mr. Thomas C. Barr, Jr. brought into the laboratory a can 
of “Karo” corn syrup in which a mold was growing. Direct microscopic 
examination indicated an Aspergillus with perithecia. The fungus was 
isolated on Czapek’s agar, on which it grew very poorly. Upon transfer to 
Czapek’s agar containing 20 per cent sucrose, excellent growth was obtained. 
The fungus was identified as Aspergillus repens (Cda.) De Bary, and agrees 
with the description of this species as given by Thom and Raper (1945) in both 
morphological and cultural characters. Through the courtesy of Dr. C. W. 
Hesseltine, a culture of this fungus has been deposited in the culture collec- 
tion of the Northern Utilization Research Branch, U. S. Department of Agri- 
culture, Peoria, Illinois, under the number NRRL A-7028. 


This isolate of A. repens was grown in 500 ml. Erlenmeyer flasks containing 100 ml. 
of Czapek’s solution with 20 per cent sucrose. The medium contained the following 
ingredients: NaNO,, 3.0 gm.; KH,PO,, 1.0 gm.; MgSO, : 7H,0, 0.5 gm.; KCl, 0.5 gm.; 
FeCl,, trace; and sucrose, 200.0 gm. per liter. Following incubation under stationary 
conditions at room temperature, an orange pigment begins to appear in the culture 
medium after about 10 days. Upon examination with an ultraviolet light, the culture 
filtrate may be seen to be fluorescent, and the fluorescent intensity increases for 
some time thereafter. With increase in time of growth, the culture filtrate, orange 
at first, becomes brownish and later dark red in color. Cultures approximately two 
weeks old were used in the experiments to be described. 

Absorption spectra in both the ultra-violet and visible regions were obtained with 
a model DU Beckman spectrophotometer. In preliminary experiments, spectra of 
the culture filtrate, diluted 1:20, were obtained in comparison with a blank con- 
sisting of 1 per cent sucrose. Attempts to concentrate the fluorescent material were 
made by ether extraction, as recommended by Klöcker (1916), and spectra were 
also obtained in this solvent. It became apparent, however, that the culture filtrate 
of A. repens contains at least two pigmented compounds. 

A procedure for fractionating the culture filtrate and concentrating the fluorescent 
material was worked out empirically. The use of an ultra-violet lamp (Mineralight 
SL2537, Ultra-Violet Products, Inc., San Gabriel, Cal.) made it possible to follow 
the progress of the concentration procedures. The method adopted was as follows: 
Portions of the culture filtrate were acidified with HCl. Fuller’s earth was added, 
with agitation, until, upon filtering, the filtrate was essentially decolorized and 
showed only weak fluorescence. The fluorescent substance, accompanied by other 
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colored material, was eluted from the Fuller’s earth with methanol. Portions of the 
dark red methanol solution were then chromatographed on a column consisting of 
a 1:1 mixture of magnesia and celite. The column used measured approximately 
1X10 cm. About 5 ml. of the methanol solution could be chromatographed on a 
single column. The fluorescent material could then be recovered either by continued 
development until it passed entirely through the column, or the column could be 
extruded, its lower portion isolated, and treated with methanol. 

The fluorescence spectrum of an ether extract of the culture filtrate was deter- 
mined using a model DU Beckman spectrophotometer modified by having the sample 
tube in the position of the usual light source. Excitation was provided by a General 
Electric 100 watt mercury lamp, type S-4. The photomultiplier was operated at full 
sensitivity, and a slit width of 0.3 mm. was used. 


Results 


Culture filtrates were examined directly with the Beckman spectrophoto- 
meter in the ultra-violet and visible regions. In order to obtain satisfactory 
readings in the ultra-violet, a twenty fold dilution was required. The spectra 
so obtained were characterized by a pronounced absorption in the ultra- 
violet, with a maximum at 270 mu and a minimum at 250 mu. A second 
smaller peak was found at 380—390 mu, and very little absorption occurred 
in the visible region. 

Repeated extraction of culture filtrates with ether, (Klöcker, 1916), pooling 
of the ether extracts, concentration by evaporation, and drying with an- 
hydrous Na,SO, resulted in solutions which were fluorescent. Absorption 
spectra of these ether solutions greatly resembled those obtained with the 
aqueous culture filtrate. 

The fluorescence spectrum of the pigment from A. repens in ether solution is 
presented in Figure 1. It may be observed that emission occurs throughout 
the range 400—600 mu, with a maximum in the blue at 455 mu. 

Procedures customarily used in the isolation of riboflavin were applied 
to culture filtrates of A. repens. Culture filtrates were acidified with HCl, 
and the pigments present were adsorbed on Fuller’s earth. It was found that 
the fluorescent material could be eluted from Fuller’s earth by means of 
methanol. Chromatography of the methanol solution on a magnesia column 
resulted in the separation of two zones, an upper zone of a more abundant 
component, red in color, non-fluorescent, and a contiguous lower zone, of a 
component present in smaller quantity, yellow in color and fluorescent. 
Since erythroglaucin is described as a red fluorescent compound (Ashley 
et al., 1939), it is clear that neither of the two colored components of the 
filtrate of A. repens is erythroglaucin. 

A methanol solution of the yellow fluorescent pigment, purified of colored 
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Figure 1. The fluorescence spec- 
trum of the pigment from Asper- 
gillus repens. 
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impurities by passage through the magnesia column, was obtained. Its 
absorption spectrum is presented in Figure 2. The spectrum is quite similar 
to those obtained earlier for aqueous culture filtrates or ether extracts, and 
shows a minimum at 245 mu, a maximum at 270 mu, and a less intense 
broad peak at 370—390 mu, with absorption falling off rapidly in the visible 
region. While this spectrum strongly resembles that of riboflavin in the 
ultraviolet, the complete absence of a peak at 445 mu indicates conclusively 
that it is not riboflavin. 

It was observed that the fluorescence of the compound from A. repens 
was quenched upon the addition of Na,S,O,. It was found that SnCl,, 
K,Fe(CN),, ascorbic acid, or cysteine likewise quench the fluorescence of 
aqueous solutions of the pigment. It may be concluded that the pigment is 
fluorescent in the oxidized but not in the reduced state. 

It was suggested to the writer by Dr. M. J. Cormier, Biology Divi- 
sion, Oak Ridge National Laboratory, Oak Ridge, Tennessee, that the 
properties of the fluorescent pigment of A. repens strongly resembled those 
of the pteridines (Gates, 1947; Wolstenholme and Cameron, 1954; Albert, 
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cent pigment of Aspergil- 
lus repens. 
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1954; Ziegler-Günder, 1956). The absorption spectrum of the À. repens pig- 
ment is very similar to that reported for anthopterin (2-amino,4,6-dihydroxy 
pteridine) by a number of workers, including Schöpf and Becker (1933), 
Koschara (1936), Bloom et al. (1944), Totter (1944), O’Dell et al. (1947), 
and Albert (1954). A commercial sample of xanthopterin (Nutritional Bio- 
chemicals Corp., Cleveland, Ohio) was obtained for comparison. The fluores- 
cence spectrum of this material in methanol showed a maximum at 470 mu, 
which agrees well with the reported value of 467 mu (De Lerma et al., 1948). 
It will be recalled that maximal fluorescence of the A. repens pigment was 
obtained at 455 mu. 

Through the kindness of Dr. Ernest A. Jones, samples of both the Asper- 
gillus pigment and xanthopterin were examined as KBr pellets in the infra- 
red with a Perkin-Elmer model 21 spectrophotometer. The Aspergillus pig- 
ment showed a large peak at 3300 cm.-!, attributed to an —OH group, a 
small peak at 2850, a small peak at 1600 attributed to an —NH, group, a 
small peak at 1420 attributed to an —OH group, a shoulder at 1130, a large 
peak at 1050 attributed to an —OH group, a shoulder at 990, and a small 
peak at 920 cm.”! Crowe and Walker (1954) have previously reported data 
concerning the infra-red spectrum of xanthopterin, as the barium salt. Defi- 
nite differences between the infra-red characteristics of the A. repens pigment 
and xanthopterin were noted. 

The fluorescent pigment of Aspergillus was chromatographed on strips of 
Whatman no. 1 paper, using 3 N NH,OH and the organic phase of n-butanol: 
acetic acid : water, 4:1:5 as the developing solvents. Rr values of 0.57 and 
0.86 were obtained. Comparable values for xanthopterin were 0.78 and 0.21— 
0.24 respectively. The A. repens pigment is thus not identical with xantho- 
pterin, but is a pteridine of unknown structure. 

In attempts to identify the red non-fluorescent pigment present in the 
upper zone on the columns, it was observed that solutions of this compound 
rapidly decolorize a dilute aqueous solution of KMnO,, that an orange colora- 
tion which becomes red-violet is produced on addition of Na,CO;, and that 
an orange color is produced upon addition of Na,B,0;. On the basis of these 
color tests, it is apparent that this pigment is auroglaucin (Gould and 
Raistrick, 1934). 


Discussion 


While pteridine pigments appear to be rather common in animals (Ziegler- 
Günder, 1956), there are comparatively few reports of their occurrence among 
microorganisms. Among the bacteria, xanthopterin has been found as a 
metabolic product of Corynebacterium diphtheriae (Crowe and Walker, 
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1944) and Mycobacterium tuberculosis (Crowe and Walker, 1954). Among 
the fungi, rhizopterin has been isolated from Rhizopus nigricans in connec- 
tion with fumaric acid fermentations (Rickes et al., 1947). This was the only 
instance known of a pteridine in the fungi until the very recent work of 
Kaneko (1957 a, 1957 b) on Aspergilli, including À. oryzae. This worker has 
also concluded that the fluorescent pigments of Aspergilli are pteridines of 
unknown structure. Differences between the absorption spectrum of the 
pigment from À. oryzae and that here reported for À. repens indicate that 
the two pigments are not identical. 


Summary 


1. The fluorescent pigment produced by Aspergillus repens was isolated 
by adsorption on Fuller’s earth, elution with methanol, and chromatography 
upon a magnesia column. Its absorption spectrum shows maxima at 270 
and at 370—390 mu. 

2. The fluorescence spectrum of this pigment has a maximum at 455 mu. 

3. These findings, together with data derived from infrared studies and 
paper chromatography, indicate that the fluorescent pigment is a pteridine. 

4. Culture filtrates of À. repens also contain a non-fluorescent pigment, 
auroglaucin. 
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I. Introduction 


Among the factors which influence the growth of fungi, temperature plays 
an extremely important role, probably owing to its effect on the chemical and 
physical processes involved in growth. Intake of water and solutes from the 
medium and the various chemical processes involved in the synthesis and 
breakdown of organic compounds are all individually influenced by tempera- 
ture (Hawker, 1950). 

The importance of nitrate as a potential source of inorganic nitrogen has 
long been stressed. Since the work of Meyer and Schulze (1894) the reduc- 
tion of nitrate in plant cells has been thought to proceed by successive steps 
through nitrite, hyponitrite, hydroxylamine to ammonia. A great body of 
evidence has accumulated since then which lends strong support to the view 
of nitrate reduction before utilisation. 

The results obtained in this Department by Saïd and his co-workers (Saïd 
and El Shishiny, 1948, 1949; and Saïd and Younis, 1952) in their studies on 
the feeding of radish root slices with nitrate-nitrogen furnished interesting 
information with regards the possible pathways for the utilisation of this 
form of nitrogen by higher plants. This series of investigations urged the 
senior author to extend these studies to microorganisms. 

The present paper deals with the effect of temperature on growth, respira- 
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tion, and absorption and assimilation of potassium nitrate-nitrogen by myce- 
lial mats of Fusarium oxysporum. 


II. Material and Methods 


The fungus used in the present work was Fusarium oxysporum Schlecht. It was 
isolated from rotted tomato fruits and identified by Dr W. L. Gordon, of the Uni- 
versity of Manitoba, Canada, to whom the authors are greatly indebted. 

The technique used for the preparation of the standard mycelial mats was that 
devised by Naguib (1953). The fungus was grown on Richards’ liquid medium in 
250 ml. conical flasks until the fungal mats were seven days old. 

In this experiment 44 samples (seven-day-old mycelial mats) were prepared and 
washed thoroughly with sterile distilled water. Four samples were oven-dried to be 
used as initials for mycelial dry weight and nitrogen contents of the mycelium. 
Twenty samples were fed with 100 ml. each of Richards’ culture medium. The other 
twenty samples were suspended over sterile distilled water. Immediately after the 
addition of the fresh culture medium, 50 ml. were pipetted from each flask and ana- 
lysed for their nitrogen contents. The values obtained were considered as the initial 
values of nitrogen in the media after allowance for the changes that are likely to 
take place in the media when coming in contact with the wet fungal mats. A strong 
current of sterile CO,-free air was driven through all culture flasks for about half an 
hour to remove any CO, that may be present. Four samples of each group were then 
incubated at each of the following temperatures: 15°, 20°, 25°, 30°, and 37°C for a 
period of 48 hours during which nitrogen contents of the different culture media, 
carbon dioxide output by the mycelial mats as well as mycelial dry weight were 
determined at 24 hour intervals. At the end of the experimental period the mycelial 
mats, after being oven-dried, were analysed for their contents of the different nitro- 
gen fractions. The temperature series used in this experiment included the optimal 
(30°C) and maximal (37°C) temperatures for vegetative growth of Fusarium oxyspo- 
rum as reported by Edson and Shapovalov (1920). 

The methods used for the determination of the various nitrogen fractions in the 
media and water extracts of the mycelial mats were those given by Said and El 
Shishiny (1948, 1949). The various nitrogen fractions determined were ammonia-, 
nitrate-, amide-, amino-, and total soluble-nitrogen; the difference between the latter 
and the sum of the first four fractions gives the socalled “peptide-nitrogen”. The 
insoluble-nitrogen (Protein-N) was determined in the dried residue. 

Carbon dioxide-output by the mycelial mats was estimated at 24 hour intervals 
according to the method devised by Saïd and Naguib (1955). 

The dry weights of the mycelial mats were determined by ovea-drying the mats 
at 70°C till constant weight. 


Ill. Experimental Results 


1. Nitrate-nitrogen utilisation 


The amounts of nitrate-nitrogen that had disappeared from the various 
media being utilised by the fungal mats are set out in Table 1, calculated as 
mgms nitrate-nitrogen per 1 mg dry weight of mycelium. 
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Table 1. Nitrate-nitrogen utilisation by mycelial mats of F. oxysporum as affected by tem- 
perature. (Expressed as mgms nitrate-N per 1 mg dry weight.) 


UN 


Temperature of Nitrate-N utilised in 
| incubation °C | - 1st 24 hours 2nd 24 hours 48 hours 
15 124120 nes 116.9 
20 1544 rate 1931194 
25 191,193 36.9 363} 282 
30 30.4 20:3 Ks 28.0128-1 
ui 158109 ya 20.21 20.1 


The results in Table 1 shows that the amounts of nitrate-nitrogen utilised 
by the fungal mats increased with the rise in temperature up to 30°C through- 
out the whole experimental period. Above 30°C there was a marked decrease 
in the amount of nitrate-nitrogen utilised. 


2. Nitrogen recovered in the media 


Table 2 gives the average amounts of ammonia- and amino-nitrogen re- 
covered in the various media at the different time intervals. 

Examination of the results in Table 2 shows that ammonia was liberated 
from mycelial mats floated on sterile distilled water in small amounts during 


Table 2. Average values of ammonia- and amino-nitrogen recovered in culture media of 
mycelial mats of F. oxysporum incubated at various temperatures. (Expressed as mgms 
N per 1 gm dry weight.) 


Temp. of Ammonia-N Amino-N Total soluble-N 
incuba- 1st 24 | 2nd 24 48 1st 24 | 2nd 24 48 1st 24 | 2nd 24 48 
tion C hours hours hours hours hours hours | hours | hours | hours 

Samples starved on sterile distilled water 
15 1.0 0.0 1.0 22 0.9 3.1 3.2 0.9 4.1 
20 0.9 0.0 0.9 2.9 137 4.6 3.8 a 555 
25 0.8 0.0 0.8 3.6 3.6 ha 4.4 3.6 8.0 
30 0.9 0.1 1.0 3.9 4.6 8.5 4.8 4.7 9.5 
37 1.4 0.4 1.8 5.2 4.3 9.5 6.6 4.7 11% 
Samples fed with the nutrient medium 
15 4.3 1.4 5.7 4.5 1.5 6.0 8.8 2.9 11.7 
20 4.7 1 5.9 5.6 1.1 6.7 10.3 2.3 12.6 
25 5.2 1.7 6.9 6.4 2.3 8.7 11.6 4.0 15.6 
30 5.1 1.9070 6.2 2.1 8.3 RS 4.0 193 
37 5.9 3.6 9.5 9.3 3.3 12.6 15.2 6.9 22.1 
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the first 24 hours, while in the second 24 hours either no ammonia or only 
minute traces were liberated. Amino-nitrogen, on the other hand, was 
excreted into the external media in considerable amounts throughout the 
whole experimental period especially at high temperatures. 

In case of samples fed with the nutrient medium the amounts of total 
soluble-nitrogen liberated in the different culture media were almost equally 
shared by ammonia and amino-nitrogen fractions. The amounts of total 
soluble-nitrogen recovered in the media at all temperatures between 15° and 
30°C were less than the amounts of nitrate-nitrogen utilised by the mycelial 
mats at the corresponding temperatures. At 37°C, on the other hand, the 
amount of nitrogen recovered in the medium was more than the amount of 
nitrogen taken up by the mycelial mats. 

It is also to be observed that the amounts of nitrogen excreted into the 
external media regularly increased with the rise in temperature whether the 
samples were fed or starved. 


3. Analysis of the mycelial mats for their nitrogen contents 


The average values of the various nitrogen fractions of the initial as well 
as the differently treated samples are contained in Table 3. 

a. Behaviour of protein- and total soluble-nitrogen. — The mycelial mats 
of the present experiment initially contained nearly equal amounts of protein- 
and total soluble-nitrogen. The former remained, more or less, unchanged 
in the samples that were suspended in sterile distilled water for two days, 
while the latter showed steady decrease with the increase in temperature. The 
samples that were suspended in potassium nitrate-containing media absorbed 
certain amounts of nitrate-nitrogen from these media and this caused increase 
in the protein-nitrogen content and a smaller increase in the total soluble- 
nitrogen content when the mycelial mats were incubated at temperatures 
between 15° and 30°C. At 37°C, on the other hand, the amount of nitrate- 
nitrogen absorbed was less than the amounts of amino- and ammonia-nitro- 
gen recovered in the external media and thus small amounts of soluble-nitro- 
gen and protein-nitrogen disappeared from the mycelial mats by the end of 
the experimental period. 

b. Behaviour of individual soluble-nitrogen fractions. Amino- and ammo- 
nia-nitrogen. — It appears from Table 3 that the amino-nitrogen content de- 
creased to a considerable extent by the end of the experimental period in case 
of starved samples. The amounts of amino-nitrogen lost from the mats could 
be almost wholly accounted for by the amino-nitrogen recovered in the exter- 
nal medium. 

In case of samples fed with the nutrient medium, amino-nitrogen content 
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Table 3. Analysis of mycelial mats of F. oxysporum incubated at various temperatures for 
their contents of the different nitrogen fractions. (Mgms N per 1 gm dry weight.) 


Temp. of |Ammonia-| Amide- | Amino- | Nitrate- | Other- Total |Protein-| Total 
incubation °C N N N N N soluble-N N N 
Initials | 0.8 0.3 | 14.9 1.2 9.2 17.4 18.0 | 35.4 
Samples starved on sterile distilled water 
15 0.2 0.2 11.2 1.0 0.2 12.8 1754 30.5 
20 0.2 0.3 10.5 1.0 0.2 12.2 17:2 29.4 
25 0.1 0.3 7.0 1.0 0.2 8.6 17.9 26.5 
30 0.1 0.3 6.4 1.0° 0.2 8.0 17.8 25.8 
37 0.0 0.3 4.8 0.8 0.2 6.1 17.4 23.5 
Samples fed with the nutrient medium | 
15 1.0 0.4 15.7 1.3 0.3 18.7 20.5 39.2 | 
20 1.1 0.3 16.6 1.4 0.2 19.6 | 23.1 42.7 
25 1.0 0.3 18.3 1.6 0.3 21.5 17256 47.1 | 
30 1.0 0.4 18.3 197 0.3 21.7 26.7 48.4 | 
37 0.9 0.3 12.5 121 0.2 15.0 17.2 32.2 


increased over the initials except when the mats were incubated at 37°C 
where a slight decrease was observed. 

The mycelial mats of the present experiment initially contained very small 
amounts of ammonia which were almost completely released into the external 
media in case of samples suspended over sterile distilled water. Samples fed 
with the nutrient medium, on the other hand, kept their ammonia-nitrogen 
content very near to the original value in the initial samples till the end of the 
experimental period. 

Examination of the values of amino- and ammonia-nitrogen in the various 
tissue-medium systems, as presented in Table 4, shows that, in case of sam- 
ples starved on sterile distilled water, varying the temperature of incubation 
did not induce any appreciable effect on ammonia- or amino-nitrogen con- 
tents of the tissue-medium systems. In case of samples fed with the nutrient 
medium the rise of temperature was accompanied by a steady increase in 
ammonia formation while the synthesis of amino acids seems to be at a 
maximum between 25° and 30°C with a remarkable fall in the rate of syn- 
thesis above and below this range of temperature. The fact that all mycelial 
mats fed with the nutrient medium kept their ammonia-nitrogen contents 
round the initial values till the end of the experimental period inspite of the 
increasing rate of ammonia formation with rise of temperature may indicate 
some sort of toxic action of ammonia accumulation in the mycelial mats 
above the level initially present. 

Nitrate-nitrogen. — The nitrate-nitrogen content of the initial samples was 
rather low. The amounts of nitrate-nitrogen in the mats did not show any 
material variations under all experimental conditions, yet, a very slight de- 
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Table 4. Effect of temperature on the ammonia- and amino-nitrogen contents of the tissue- 
medium systems of mycelial mats of F. oxysporum. (Expressed as mgms N per 
1 gm dry weight.) 
m le u eu a u sa ee 


Temp. of Ammonia-N Amino-N 
incubation °C ; : 
Mycelium Medium Total Mycelium Medium Total 
Samples starved on sterile distilled water 
15 0.2 1.0 1.2 11.2 3.1 14.3 
20 0.2 0.9 1.1 10.6 4.6 15.2 
25 0.1 0.8 0.9 7.0 7.2 14.2 
30 0.1 1.0 11 6.4 8.5 14.9 
37 0.0 1.8 1.8 4.8 9.5 14.3 
Samples fed with the nutrient medium 

15 1.0 5.7 6.7 15.7 6.0 217 
20 al 5.9 7.0 16.6 6.7 23.3 
25 1.0 6.9 11) 18.3 8.7 27.0 
30 1.0 7.0 8.0 18.3 8.3 26.6 
37 0.9 9.5 10.4 12.5 12.4 24.9 


crease and a very slight increase were observed with rise of temperature in 
samples suspended on sterile distilled water and fed with the nutrient medium 
respectively. 

Amide- and peptide-nitrogen. — Those two nitrogen fractions were, more 
or less, unchanged in all experimental mycelial mats during the 48 hours of 
the experiment. 


4. Carbon dioxide-output by the mycelial mats 


The average values of the amounts of carbon dioxide given off by the 
differently treated mycelial mats are represented graphically in Figure 7. 
Figure 1 shows that the samples suspended on sterile distilled water respired 
at a much lower rate than those fed with the nutrient medium. The rate of 
carbon dioxide-output by the starved mycelial mats was somewhat slower 
during the second than the first 24 hours. Samples fed with the nutrient 
medium, on the other hand, revealed somewhat higher respiration rates 
during the second than the first 24 hours especially at high temperatures. 

On the whole, respiration increased with the rise in temperature whether 
the mycelial mats were starved or fed. It is worthmentioning, however, that 
a, more or less, similar picture of respiration was obtained when carbon 
dioxide-output was calculated per mat. 


5. Mycelial dry weight 


The dry weights of the differently treated mycelial mats are presented in 
Table 5. Statistical analysis of the results in Table 5 showed that almost all 
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samples suspended on sterile distilled water revealed a steady decrease in 
their dry weights during the 48 hours of the experiment, the decrease be- 
coming more pronounced with rise of temperature. This is, however, explic- 
able on the basis of the increased carbon dioxide-output and nitrogen excre- 
tion into the external media with rise of temperature. On the other hand, 
samples fed with the nutrient medium showed significant increase in their 
dry weight over the initial samples, when incubated at temperatures between 
15° and 30°C. Above 30°C the dry weight of the mycelial mats revealed sta- 
tistically significant decrease during the 48 hours of the experiment when 
compared to the initial samples. 


Table 5. Dry weights of mycelial mats of F. oxysporum incubated at various temperatures. 
(Expressed as mgms.) 


Temperature Treatment of mycelial mats 
of Basra a Initials Dry weight after Dry weight after 
24 hours 48 hours 24 hours 48 hours 
15 444 + 5.8 421 + 1.4 473 + 2.8 482 + 2.1 
20 467 + 6.5 439 + 2.1 415 + 4.2 486 + 5.7 501 + 3.5 
25 ? 429 + 1.4 408 + 2.8 501 + 7.1 528 + 4.2 
30 414 + 5.7 405 + 3.5 511 + 5.7 540 + 2.8 
37 406 + 2.8 388 + 2.8 447 + 2.1 424 + 5.7 
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The increase in mycelial dry weight at temperatures between 15° and 30°C 
could be partly explained on the basis of the fact that the mycelial mats 
absorbed considerable amounts of nitrate-nitrogen from their culture media, 
some of which was apparently synthesised into amino acids and proteins. The 
rate of absorption and utilisation of nitrate-nitrogen by the mycelial mats 
seems to increase with'the rise of temperature between 15° and 30°C. On the 
other hand, the decrease in dry weight of the mycelium when incubated at 
37°C than the initials could be accounted for by taking into consideration 
the very high rate of respiration at such temperature and also the great 
amounts of nitrogen excreted into the external medium which actually 
exeeded the amounts of nitrate-nitrogen taken up by the mycelial mats at 
that temperature. 


IV. Discussion 


From the foregoing discussion of the results the following points have been 
clarified. 


1. Nitrate assimilation by the mycelial mats 


Since the work of Meyer and Schulze (1894) the reduction of nitrate in 
plant cells has been thought of to proceed by successive steps through nitrite, 
hyponitrite, hydroxylamine to ammonia. 

Several investigators reported the occurrence of nitrite, hydroxylamine and 
ammonia in higher plants during nitrate metabolism (Virtanen and Arhimo, 
1937; Burström, 1945; Steward and Street, 1947; Rautanen, 1948; Vaneko, 
1953 and several other workers). 

In their studies on the mechanism of carboxylase blokade in Fusaria, Nord 
and Mull (1945) established that the reduction of nitrate proceeds beyond the 
state of nitrite in so far as positive hydroxylamine tests were obtained. They 
reached the conclusion that there is a reductase operative in Fusaria which, 
judging from the quantities of potassium cyanide tolerated in their exper- 
iments, were highly potassium cyanide-insensitive. A similar enzyme is claimed 
to be present in various bacteria (Woods, 1938; Lascelles and Still, 1946). 

The results of the present investigation may thus be interpreted as indicat- 
ing that nitrate is reduced down to ammonia which is then added to certain 
organic acids present in the mats.forming amino acids. These are further 
built up into peptides and proteins. It seems, however, that the rate of nitrate 
reduction is faster than the rate of amino acid synthesis and thus some am- 
monia accumulated in the tissues which seem to be intolerant to high con- 
centrations of ammonia and hence its liberation into the external media. 
Similarly the rate of amino acid synthesis again seems to be faster than that 
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of peptide and protein synthesis and this explains the exudation of some 
amino acids into the external medium in order to keep the balance between 
soluble and insoluble nitrogen fractions. In support of this nitrate reduction 
hypothesis one might recall that the mycelial mats used in this investigation 
initially contained very small amounts of nitrate-nitrogen which remained al- 
most unchanged throughout the whole experimental period whereas am- 
monia- and amino-nitrogen fractions showed remarkable changes. Cell-free 
nitrate reductase was isolated by Joklik (1950) from Escherichia coli and 
from Neurospora by Evans and Nason (1952, 1953) and by Evans (1954). 
Nason et al. (1953) reported an enzyme which carried out the conversion of 
nitrate to ammonia. Zucker and Nason (1954) have isolated an enzyme from 
Neurospora extracts which catalysed the reduction of hydroxylamine to 
ammonia. 

Nitrate reduction may take place on the cytoplasmic surfaces of the fungal 
hyphae or inside the tissues. Burström (1945) reported that nitrate was re- 
duced to ammonia on the cytoplasmic surfaces of fungal hyphae and roots 
of higher plants. 

It is not inconceivable, however, that protein synthesis may proceed in one 
operation by the direct assimilation of nitrate without necessarily passing 
through the classical reduction path (Alcock, 1936; Burström, 1943; Steward 
and Street, 1947; Saïd and El Shishiny, 1948; and Saïd and Younis, 1953). If 
such is the case then one may assume that nitrate is rapidly built up by the 
mycelial mats directly into proteins, this enhanced the rapid breakdown of 
proteins to peptides, amino acids, and ammonia to keep the balance between 
soluble and insoluble nitrogen fractions in the tissue and that ammonia and 
amino acids are liberated into the external media during this process of pro- 
tein breakdown. 


2. Respiration of the mycelial mats 


The results of the present investigation showed that when the fungal mats 
were suspended over sterile distilled water they respired at a very low rate 
declining very slowly and steadily with lapse of time. This low but steady 
rate of respiration of these control mats may be attributed to the fact that the 
fungus was drawing upon its own carbohydrate complexes for the supply of 
respirable substrate and naturally, therefore, it would supply the respiratory 
enzyme system with the minimum material necessary for the maintenance of 
the life of the fungus. 

Feeding the fungus with the nutrient medium induced rise in the respira- 
tion rate well above that of the control samples. Since these nutrient-fed 
samples increased in size and in dry weight one would expect such growth to 
necessitate higher expenditure of energy and this explains the observed higher 
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rates of respiration. Furthermore, the availability of a great supply of respir- 
able substrate in the form of sugar in the culture media would naturally lead 
to an increased carbon dioxide output. This effect of the respirable substrate 
has long been established by Kosinski (1902). It is worth mentioning, how- 
ever, that the presence of potassium nitrate in the culture medium may be 
partly responsible for the higher respiration retes in case of fed samples. One 
may recall here that Gregory and Sen (1937), Steward and Preston (1941) 
and Saïd and Younis (1952) showed that the presence of nitrate salts always 
favoured and intensified respiration of various plant tissues. 

It may be noted here that the rate of respiration of the mycelial mats in- 
creased with the rise in temperature between 15° and 37°C whether the mats 
were starved over sterile distilled water or fed with the nutrient culture 
medium. 

A common observation in the present investigation is the higher rates of 
carbon dioxide-output by the mats during the second than the first 24 hours 
of the experiment. Carbohydrate analysis of the mycelial mats and culture 
media revealed no trace of fructose in the mats by the end of the 48 hours 
of the experiment although considerable amounts of sugar disappeared from 
the medium during the experimental period. These facts may possibly indi- 
cate that the maintenance of the high respiration rate in samples fed with the 
nutrient medium is dependent upon the utilisation of fructose. A similar cor- 
relation between respiration and fructose utilisation was reported by Saïd and 
Naguib (1955) in case of Fusarium moniliforme. 


V. Summary of Conclusions 


1. The effect of temperature on the growth, utilisation of nitrate-nitrogen 
as well as carbon dioxide-output by mycelial mats of Fusarium oxysporum 
was studied. 

2. A good deal of nitrate-nitrogen was always absorbed and assimilated 
into peptides and proteins by the mycelial mats. The possible pathways of 
nitrate utilisation are thoroughly discussed. 

3. Mycelial mats suspended in sterile distilled water revealed a steady de- 
crease in their dry weights, whereas those supplied the nutrient culture 
medium showed a marked increase in dry weight when incubated between 
15° and 30°C and a marked decrease at 37°C. The increased or decreased 
mycelial dry weight was mainly correlated with variations in the protein- 
nitrogen contents of the mycelial mats and, to a lesser extent, with variations 
in the soluble-nitrogen fractions. 

4. Carbon dioxide-output by the mycelial mais increased with rise of tem- 
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perature up to 37°C. All fungal mats fed with the nutrient medium respired 
at a higher rate than that of the control samples suspended over sterile 
distilled water. 

The authors are greatly indebted to Professor H. Said, Head of the Department of 
Botany, Facultv of Science, University of Cairo, for his most valuable discussions 
and criticisms. 
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Introduction 


The gross mechanism of the synthesis of polyglucosides by phosphorylase 
(P-lase) and branching enzyme (BE) of the blue-green alga, Oscillatoria prin- 
ceps, has been studied by Fredrick (1953, 1954, 1955) and by Fredrick and 
Mulligan (1955). The physico-chemical properties of the two enzymes in this 
alga and its mutants, have also been reported by Fredrick and Mancini (1955) 
and by Fredrick (1956). However, no molecular mechanism whereby the 
actual synthesis of a branched polyglucoside from glucose-1-phosphate occurs 
has been elucidated; the atomic and molecular events responsible for this 
synthesis are still largely unknown. 

Recent work on enzyme mechanics has attempted to define and clarify 
these sub-microscopic events. It has been demonstrated that two types of 
phenomena play important roles in enzyme action. It is not surprising that the 
first of these phenomena, chelation, should affect enzyme activity, in that the 
metallic ion requirements of most enzymes have long been the subject of 
intensive work and are well known (Green 1941, McElroy 1954). However, the 
fact that chelating agents such as ethylene diamine tetra acetic acid (EDTA) 
may activate enzymes, has stimulated new interest in this aspect of enzyme 
chemistry (Altmann and Crook 1953, Bonner 1954, Friess 1954, Gross 1953, 
Schales 1952). 
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The specific binding of metallic ions by proteins has given rise to the con- 
sideration of chelation phenomenon as a possible mode of action in biological 
systems (Gregor 1956). At the same time, the similarities reported in enzyma- 
tic reactions such as decarboxylation and transamination and their metallic- 
ion-induced non-enzymatic counterparts, have made available a new approach 
to chelation phenomenon as it influences biological systems in general (West- 
heimer 1955, Anan 1951). 

The second phenomenon, that of surface activity, has been studied by Ash- 
more and Nesbitt (1955), Bergmann and Shimoni (1952), Ralston (1946), and 
Valko (1946). A recent study by Cowgill (1955) on the effects of surface- 
active agents on muscle phosphorylase activity showed that non-ionic sur- 
face-active agents activated the enzyme while the cationic and anionic agents 
tested inhibited the reaction. 

A study of chelation and surface active phenomena was needed to clarify 
the role played by each in phosphorylative enzymes action. The series of 
studies reported in this paper concerns itself with the effects of chelation and 
surface activity on the P-lase and the BE of Oscillatoria princeps as exhibited 
separately, by the presence of both types of agents in reaction mixtures, and 
with the effect of a newly synthesized compound combining both chelation 
and surface activity within its molecule. 


Methods 


Purified P-lase and BE were obtained from cultures of Oscillatoria princeps by the 
methods described (Fredrick and Mulligan 1955). Solutions of the enzymes were 
made in sodium bicarbonate buffer so that a concentration of approximately 1 °/o 
active protein, as measured by Beckman DU Spectrophotometer, was present in 
each of the test solutions. 

Reaction mixtures consisted of the dipotassium salt of glucose-1-phosphate 
(Schwarz Labs., N.Y.C.) in 0.05 Molar concentration, sodium bicarbonate buffer 
(Fredrick and Mulligan 1955), and primer molecules of 0.1 °/o amylose (Merck & 
Co.). Phosphorus was determined as previously described (Fredrick 1951), as were 
the absorption spectra of the formed polysaccharides after complexing with iodine 
(Fredrick 1952). 

The surface-active agents were used in those concentrations which had been found 
to give maximum effects (Fredrick 1957). These materials, their properties, and other 
pertinent data are summarized in Table 1. In all cases, the concentration of enzyme 
protein was greater than that of the surface-active agents used, so as to provide as 
near ideal conditions as possible for studying their effects on the enzymes (Ralston 
1946, Valko 1946). 

It will be seen from Table 1, that only those surface-active agents possessing the 
C-18 alkyl chain were used in this study. Since one of the problems investigated was 
the effect of micelle formation as it influenced the activity of the P-lase and BE of 
Oscilllatoria princeps, this type of 18 carbons alkyl chain was selected. Ralston’s 
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Table 1. Agents used to study effects on Phosphorylating enzymes of Oscillatoria princeps. 
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— as “Arquad 18”, Armour & Co., Chicago, Illinois. 

— as “Triton K60”, Rohm & Haas Co., Phila., Pa. 

— as “18-DAK”, Dodge Chemical Co., Boston, Mass. 

“Aerosol 18”, American Cyanamid Co., N.Y.C. 

-— as “Span 60”, Atlas Powder Co., Wilmington, Delaware. 

— from Chas. Pfizer & Co., N.Y.C. 

— as “Versene-9” from Dow Chemical Co., Midland, Michigan. 


Se CD er 
pe] 
a 


work (1946) had indicated that maximum micelle-formation was obtained with low 
concentrations of surface-active agents containing 14 carbons or more in the alkyl 
chain. The inclusion of octadecyl dimethyl benzyl ammonium chloride (ODB) in this 
study was for the purpose of evaluating the effect of substitution of an aromatic 
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nucleus for one of the hydrogens on the methyl group attached to the quaternary 
nitrogen (cf. Table 1). 

The major chelating agent used was 2-hydroxymethyl 5-hydroxy-y-pyrone (Kojic 
Acid, or KA). However, it was decided to test the effects of one other chelating agent, 
EDTA. In all cases the reactions took place at a pH of 7.0 at 30° Centigrade, and 
were considered completed after 60 minutes had elapsed from the time of addition 
of the enzymes. 


Results 


I. Effect of Surface-Active Agents 


Figure 1 shows the effect of various concentrations of ionic surface-active 
agents on Oscillatoria princeps P-lase. As can be seen, the effect of both OT 
cationic and of ODK cationic-chelating agent is about the same; there is ano- 
malous behaviour of both cationics on P-lase. 

It was found that cationic surface-active agents (OT, ODB, and ODK) 
effectively inhibited P-lase activity, and that the anionic agent used (ODS) 
while inhibitory, did not cause the degree of inhibition obtained in the pre- 
sence of the cationics (Figure 2). In one of the experiments, ODS was added 
to the reaction mixture fifteen minutes after the reaction had started in the 
presence of the cationic, OT. As can be seen, the initial inhibition caused by 
the cationic (Figure 2A, Curve III) was almost completely overcome by the 
addition of the anionic material, ODS (Figure 2 A, Curve II). 


ACTIVATION 
INHIBITION 


ACTIVITY % 


_X——X— Xx * 


10-6 10-4 10-2 100 102 104 106 M 
CONCENTRATION 
Fig. 1. Anomaly due to micelle formation in the inhibition of Oscillatoria P-lase by cationic 
surface-active agents. The ordinate expresses P-lase activity in per-cent; the abscissa 
expresses molar concentration of the surface-active agents. Curve I shows the effect of the 
cationic, OT. Curve II shows the effect of cationic-chelating agent, ODK. The arrows 
indicate the anomalies in the curves. 
Physiol. Plant., 10, 1957 


848 JEROME F. FREDRICK 


o CONTROL es 
4 OT+ODS 
HMS OT 
Ye 
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2 he re 
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102M en 
+ MINUTES 
Fig. 2. Effect of ionic surface-active agents on activity of Oscillatoria P-lase. Ordinate 


expresses amount of phosphorus liberated from the substrate; abscissa expresses incuba- 
tion time. Part A represents effect of cationic agents. Curve I is the control curve; Curve III 
shows the effect of OT; Curve II shows the situation where inhibition occurred due to 
OT but was reversed after 15 minutes by addition of ODS. Part B represents the situation 
with respect to anionic agents. Curve V shows effect of ODS; Curve IV is similar to Curve II 
except that incubation took place for 15 minutes in presence of ODS prior to 
addition (arrow) of OT. 


In the presence of ODS, P-lase showed a slight inhibition (Figure 2B, 
Curve V) which was completely overcome by the addition of OT (Figure 2B, 
Curve IV). From this series of observations, it would seem that both ionic 
surface-active agents caused a reversible inhibition of P-lase, but that the 
cationic agent may also have caused a slight denaturation of a portion of the 
P-lase (note that even after the addition of ODS, the level of phosphorus split 
from the substrate by P-lase in Figure 2 A, Curve II, is not as high as after the 
addition of OT following incubation of the reaction mixture in the presence 
of ODS in Figure 2B, Curve IV). 

It was found that substitution of a benzene ring on the quaternary nitrogen 
had no effect on the power of the resulting cationic surface-active agent to 
increase or decrease the inhibition caused by the unsubstituted methyl group 
alone (OT was as effective as ODB). 

In the case of BE, OT had but slight inhibitory effect, but the reaction in 
the presence of the anionic, ODS, was almost entirely inhibited. Note in 
Figure 3 A that there was a sharp drop in the absorption maximum of the 
polyglucoside formed by the cationic-influenced reaction (Curve III) which 


compared favorably with the uninhibited control (Figure 3 A, Curve I). After 
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Fig. 3. Effect of ionic surface-active agents on activity of Oscillatoria BE. Ordinate expresses 

maximum absorption value of polyglucoside-iodine complexes obtained; abscissa expresses 

incubation time. In part A, Curve I is the control. Curve III shows effect of OT on the 

branching of amylose by BE; Curve II shows the addition of ODS (arrow) to the inhibited 

reaction after 15 minutes. In part B, Curve IV shows the effect of ODS; Curve V shows 
the effect of addition of OT to the ODS-inhibited reaction. 


the addition of ODS to this reaction, practically the complete action of BE 
was restored (Figure 3 A, Curve Il). 

The branching of amylose by branching enzyme (BE) in the presence of 
the anionic, ODS alone was inhibited about 75 per cent (Figure 3 B, Curve 
IV), and even after addition of the cationic OT, only partial reversal of the 
inhibition was obtained (Figure 3 B, Curve V). Hence, the results were exactly 
the opposite of those obtained for P-lase. 

When mixtures of both enzymes were subjected to anionic agents, a poly- 
glucoside resulted which showed a limited degree of branching (Figure 4 B, 
Curve II). The absorption spectrum of this polyglucoside, after complexing 
with iodine, was identical with that of the sugar formed by the LTV mutant 
of Oscillatoria princeps (Fredrick 1952, 1953). 

The effect of cationic agents OT, ODB, and ODK, on mixtures of P-lase 
and BE, in-so-far as the absorption spectra of the synthesized polyglucosides 
were concerned, was practically negligible. As can be seen in Figure 4 A, 
Curve II, the resulting sugar was identical with that of normal Oscillatoria 
princeps. In Figures 4 A and 4 B, Curve No. I indicate that the final deter- 
mination of branching in the polyglucoside is not dependent on the activity 
of P-lase in such mixtures. Branching appears to be exclusively the function 
of BE, and is entirely dependent on its activity. 
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Fig. 4. Effect of ionic surface-active 
agents on mixtures of P-lase and BE. 
Part A shows the effect of cationic 
OT. Note that the amount of phos- 
phorus liberated from the substrate 
450 is low (Curve I), while at the same 
time, the dextrins formed are rapidly 
branched by BE (Curve Il). Part B 
shows the effect of anionic ODS. 
Note that P-lase activity is high 
250 (Curve I), but branching action is 
low (Curve II). See text. 
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II. Effect of Chelating Agents 


Chelating agents such as EDTA and KA resulted in an activation of both 
P-lase and BE of Oscillatoria princeps (Figure 5A and 5 B, Curve 1). The 
greatest activation was obtained with a concentration of 10-3 Molar in the 
case of both EDTA and KA for P-lase, and at a lower concentration, 10 
Molar, for BE. Concentrations of 0.1 to 1.0-Molar were found to be inhibitory 
for both enzymes. 

It was decided to test the effects of the concentration of chelating agent 
(KA) found most activating, and the quaternary cationic (OT) found most 
inhibitory, on both enzymes. The chelating and cationic agents were added 
in simple mixtures containing 10-3 Molar KA and 10-1 Molar OT, 10-3 Molar 
KA and 10? Molar OT, and 10-3 Molar KA and 10-3 Molar OT. The effects 
of these mixtures on the enzymes are illustrated in Figure 5 A, Curve III for 
P-lase, and in Figure 5 B, Curve III for BE. Inhibition of both enzymes was 
obtained; the greater inhibition was exhibited by P-lase. 

ODK is a cationic surface-active agent of the quaternary type, incorporat- 
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Fig. 5. Effect of chelating and cationic agents on the enzymes. The ordinates represent the 
activity (per-cent of normal, 100 °/o). Part A shows the effect of mixtures of KA and OT 
on P-lase activity (Curve III), the effect of KA alone (Curve I), and the effect of the 
chelating-cationic compound, ODK (Curve II). Part B shows the effect of 
the same agents on BE. 
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Fig. 6. Structures of the chelating and cationic surface-active agents. A. the composition of 
metal chelate formed by ODK and a bivalent metallic ion. Note the presence of two 
quaternary cations in the chelate. B. structure of the chelating agent, KA. C. Structure of 
the chelating-cationic compound, ODK. D. Structure of the cationic surface-active agent, OT. 


ing in its molecule also a chelating mechanism (c/. Figure 6). Hence both 
types of agent are contained in one molecule of ODK. The effect of ODK in 
reaction mixtures of P-lase (Figure 5 À, Curve II) and BE (Curve 5 B, Curve 
II) was quite different from that obtained by the simple mixtures of surface- 
active and chelating agents described above. As can be seen from Fi igure 5, a 
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concentration of as much as 10-2 Molar was tolerated by P-lase prior to 
inhibition, and further, concentrations of 10~ to 10-* Molar proved to be 
slightly activating. 

In the case of BE, 10-5 Molar ODK activated the enzyme as much as 25 °/o 
(Curve II, Figure 5B). All in all, whereas a definite inhibition would be 
expected due to the di-cationic structure of the chelate of ODK (see Figure 6), 
an activation was first apparent. 


Discussion 


, 


The energy required for the formation of polysaccharides from mono- 
saccharides via the establishment of a glucosidic bond must come from either 
a preexisting glucosidic bond or from a C-O-P linkage (Hassid 1951). P-lase 
cannot utilize preexisting bonds for the formation of linear dextrins, but 
rather must use the C-O-P linkage present in glucose-1-phosphate. Glucose 
acts as a competitive inhibitor of P-lase, without itself being polymerized 
into maltodextrins. Other sugars have no effect on P-lase action. It has been 
demonstrated that the only materials which were capable of combining with 
the “active centers” of muscle P-lase were a-D-glucopyranoses and certain 
specific glucosides (Campbell 1952). However, cationic surface-active agents 
also show a reversible inhibition of the P-lase of Oscillatoria princeps 
(Figure 2), while at the same time, being in no way structurally related to the 
glucosidic agents mentioned by Campbell (1952). 

It is not suggested that these agents form an actual Enzyme-Inhibitor 
Complex which in turn competes with the substrate for the formation of the 
necessary Enzyme-Substrate intermediate. Rather, the action of such ionic 
surface-active agents seems to be one of physical blocking. 

Of particular interest in this connection is Fig. 1, Curve I. Note that this 
curve exhibits certain over-all similarities to those obtained by Ralston (1946), 
Hoerr and Ralston (1943), Fischer and Gans (1946), and Adam and Shute 
(1938). Ralston’s data on the effect of concentration of cationic surface-active 
agents (amine hydrochlorides) on the equivalent conductivities showed the 
presence of an anomaly similar to that in Figure 1. The studies of Fischer 
and Gans (1946) on concentration of surface-active agents plotted against 
surface tension showed a similar anomaly. These data were interpreted by 
these investigators as indicating the aggregation of the surface-active ions 
into micelles. Similar explanations were ventured by Valko (1946) and by 
Hotchkiss (1946) for the anomalous biocidal behavior of quaternary ammo- 
nium germicides. 

More recently, Cowgill (1955) reported that the inhibition of muscle P-lases 
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Fig. 7. The mode of inhibition caused by cationic surface-active agents on P-lase. The aggre- 

gation of the cationic surface-active agent and its associated ions about the “active cen- 

ters” of the enzyme and the start of micelle-formation “blocking” the necessary contact 
between substrate molecules and “active centers” are shown. (See text). 
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a” and “b” by ionic surface-active agents was linked with micelle-formation. 
The anomalous behavior reported in this study with OT, ODB, and ODK 
seems to be due to the aggregation of these agents into micelles. From these 
studies, the mechanism of P-lase inhibition would appear to be that of an 
actual physical “block” of the glucose-1-phosphate molecules, or more pro- 
perly, ions (Clarke 1954), by the organized units (micelles) formed by the 
cationic agents. The situation is shown above (Figure 7). 

Micelle formation is obviously a dynamic state, for there appears to be an 
equilibrium between the various types of micelles formed (Ralston 1946). One 
of the factors affecting this equilibrium is the pH of the system. It has been 
demonstrated by Bergmann and Shimoni (1952) that the inhibitory effect 
of quaternaries on the activity of the enzyme, acetylcholinesterase, decreased 
as the pH shifted from neutral towards the acid range. This phenomenon 
was ascribed to the dissociation of the enzyme’s anionic site at the lower pH 
values. 

It is interesting to note that the cationic agents used in this study showed 
greater inhibition of P-lase of Oscillatoria than of the BE which is responsible 
for formation of a1: 6-linkages (see Figures 2 A and 3 A). Although the catio- 
nic agents inhibited both enzymes, the branching activity was less inhibited 
than was linear dextrin formation (Figure 4). At the same time, the anionic 
surface-active agents appeared to inhibit BE more than P-lase (Figures 2 B 
and 3B). This proved elucidating in studies of the effect of these ionic sur- 
face-active agents on mixtures of the enzymes. As can be seen in Figure 4 A, 
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Curve II, the polyglucoside synthesized by mixtures of P-lase and BE when 
influenced by OT did not differ from that synthesized by normal Oscillatoria 
extracts (Fredrick 1951, 1952, 1953) in spite of the fact that the P-lase of 
the mixture was strongly inhibited by OT. However, when the anionic agent 
ODS was added to mixtures of the enzymes, a polyglucoside resulted which 
was identical in its iodine absorption spectrum with that synthesized by LTV 
mutants of Oscillatoria (Fredrick 1952, 1953b). A possible mechanism 
seemed to be indicated by this data. While there was no decrease in absolute 
concentration of the BE present in the mixture, ODS so reduced the activity 
of this enzyme that a relatively unbranched sugar resulted (Figure 4 B, 
Curve II). The determining factor, in so far as branching in the synthesized 
sugar is concerned, appears to be the over-all activity of the BE component 
of the mixture. As can be seen in Figure 4 A, Curve I, even though the P-lase 
of the mixture was strongly inhibited by OT, and relatively few al: 4-glu- 
cosidic linked chains resulted, the chains that were formed were rapidly 
branched by the uninhibited BE of the mixture and the sugar formed was 
quite normal. On the other hand, as can be seen in Figure 4 B, Curve I, when 
ODS inhibited the BE of the mixture, the resulting sugar was not branched 
(Curve II). In this case, it should be pointed out that there was no scarcity 
of al: 4-glucosidic chains as the P-lase activity was near maximum. 

The interaction of the surface-active agents with the enzyme proteins can- 
not be ascribed to direct chemical combination between them which would 
require a concentration of surface-active agent in an amount equal to 20 per- 
cent of the weight of the proteins (Valko 1946). The explanation for this in- 
hibitory effect of cationic surface-active agents on P-lase, and anionic agents 
on BE, must be in the formation of micelles and the interference of these 
structures with the necessary contact of substrate with “active centers” of 
the enzymes. 

The greater inhibitory effect of cationic agents on P-lase, as well as the 
effect of anionic agents on BE can be explained on the basis of the differ- 
ences between the types of proteins comprising these enzymes. From the iso- 
electric points of these enzymes, such a preferential affinity could be pre- 
dicted (Fredrick 1956). 

The effect of chelating agents on enzyme reactions has been studied by Alt- 
mann (1953), Bonner (1954), and Fries (1954), etc. In most cases, activation 
was noted with small concentrations of chelating agent. In the studies re- 
ported herein, the effect of two different chelating agents, EDTA and KA, 
were about the same. Both in the case of P-lase and BE, activation was first 
observed (see Figure 5), then followed by rapid inhibition. This fact is not in 
itself unusual if one takes into account the preferential order of chelation of 
the various metallic ions. It is known that the heavier metals will be chelated 
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first by both EDTA (Dow 1954) and KA (Pfizer 1955). The adverse effect of 
copper on P-lase of Oscillatoria has been established (Fredrick and Mancini 
1957). Hence, by the chelation of copper prior to chelation of “essential” 
metals, the P-lase is activated. As the concentration of chelating agent (KA) 
reaches the point where chelation of these “essential” metals occurs, there is 
inhibition of P-lase. (The “essential” metals for P-lase activity have been 
shown to be calcium and manganese (Fredrick 1951). It was found that the 
addition of calcium or manganous ions restored full activity of the P-lase. 

The uniqueness of a chelating structure and a cationic quaternary structure 
in the same molecule, and its possible effect on the polyglucoside-synthesizing 
enzymes of O. princeps, was tested by the use of ODK (see Figure 6 for struc- 
ture). Note that whereas mixtures of KA and OT were inhibitory at all con- 
centrations (Figures 5 A and 5 B, Curves III) for P-lase and BE, ODK was at 
first activating (Fig. 5, Curves II) for both. This is rather unusual in that the 
chelate formed by ODK has two or more moles of cationic quaternary within 
its structure (see Figure 6 A). 

The mechanism of action of ODK was postulated to be one of activation by 
detoxification of the enzyme protein (removal of toxic metallic ions) followed 
by inhibition due to the formation of interfering micelles as described. This 
“delayed inhibition” was not due to the cyclic structure of the pyrone on the 
quaternary nitrogen. Mixtures of ODB (see Table 1) and KA showed no 
activation or delayed inhibition. Hence this delayed effect is due to the 
chelating-cationic structure of ODK. 

Finally, it should be mentioned that the inhibition of P-lase and BE ob- 
served with ionic surface-active agents was not a function of surface tension. 
As Cowgill has shown, nonionic surface-active agents did not inhibit muscle 
P-lases. In this study, the nonionic, SMS (see Table 1), was used in concentra- 
tions which gave resulting surface tensions exactly similar to the test solu- 
tions of ionic surface-active agents. A slight activation was observed, but in 
no case did SMS inhibit when used in these enzyme reactions. The properties 
of these ionic surface-active agents which were responsible for the inhibition 
appear to be those concerned with micelle formation. 


Conclusions 


Ionic surface-active agents showed a strong inhibition of P-lase and BE of 
Oscillatoria princeps: the P-lase was more strongly inhibited by cationic sur- 
face-active agents than was BE. 

The polyglucosides synthesized by mixtures of P-lase and BE ranged from 
normal to mutant types depending on which enzyme was more strongly in- 
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hibited. It was concluded that the activity of branching enzyme was the de- 
ciding factor of the type of sugar synthesized by mixtures of the two enzymes. 
A mechanism is suggested whereby the ionic surface-active agents are first 
attracted to the “active centers” of the enzyme by the specific charges on the 
enzyme molecule, and which interfere later by micelle formation and phys- 
ical blocking of these sites thus preventing enzyme-substrate union. 
Chelation phenomenon with regard to enzyme activity was found to be 
mainly a detoxifying action whereby toxic metallic ions were disrupted 
from their union with the enzyme proteins and rendered inert by chelation, 
thereby permitting full activity to be restored to the enzyme molecule. 


The author is indebted to the organizations listed in the footnote of Table 1 for 
making available samples of surface-active agents and chelating agents. 
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1. Introduction 


One of the characteristics by which the auxins are defined is their property 
of influencing extension growth. 

The tests for determining the auxins are based mainly on this particularity 
e.g. the standard Avena curvature test, the straight growth test, the Pisum 
test (split pea stems) and some recently introduced root growth tests. 

Furthermore the epinasty test and the parthenocarpy test are preferably 
used by some investigators for special purposes. A test based on the abscission 
inducing and -retarding effect of the growth regulators has been used by 
Weintraub et al. (20) and recently by Luckwill (10). The latter test is not 
generally employed until now. 

When no suitable equipment is available for the extension growth tests, the 
“abscission test” is very well usable and this is one of the reasons why a 
description is given here of the procedure of this test, which was used in this 
laboratory for some time and by which the growth regulating capacity of 
some well known and some new compounds was investigated. The whole 
procedure was started to test the 2,3,5-triiodobenzoic acid (TIBA) and the 
analogous Cl- and Br-benzoic acids (TCIBA, TBrBA). Of these substances 
only TIBA was investigated in the extension growth tests and exerted dif- 
ferent effects so that it seemed appropriate to investigate its effect in an ab- 
scission test. This led to the setting up of a “standard abscission test”. In the 
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meantime Luckwill (10) also worked out an abscission test. The two tests, 

however, differ in some details, which is the reason why our method is de- 

scribed here. 
The following growth regulators were tested: 

indole-3-acetic acid (IAA) ; 

naphtalene-1-acetic acid (NAA); 

2-methyl, 4-chlorophenoxyacetic acid (MCPA); 

2,3,5-triiodobenzoic acid (TIBA); 

2,3,5-trichlorobenzoic acid (TCIBA); 

2,3,5-tribromobenzoic acid (TBrBA); 

2-pyridoxyacetic acid (PYROA); 

3,5-dichloro 2-pyridoxyacetic acid (3,5 DPYROA); 

the first six members of the 4-chloro- and the 2.4-dichlorophenoxyalkylear- 
boxylic acids. 


2. The “Coleus-Abseission test” 


As a test object cuttings of Coleus rhenaltianus Abers. are used. All mate- 
rial arises from one plant, which was continuously propagated by cuttings. 
The cuttings root very easily. 

They are grown under double glass cover at a temperature of + 20°C and 
high air humidity (+ 70 per cent). A set of plants for an experimental series 
shall be very uniform. When 4 internodes have been formed, the “explants” 
can be cut. “Explants” consist of a node with a 0.5 cm part of the internode 
above and below. The node has two petiole stumps of 0.5 cm each. These 
“explants” are placed in Petri-dishes with moist filterpaper and are supported 
by little rolls of filterpaper (see Figure 1). 


Figure 1. The “Explants” with agarblocks. 
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Figure 2. Cutting agarblocks 
of a constant size. 


Cutting agarblocks of a constant size. This was accomplished by sucking 
fluid agar (2 per cent) in a calibrated pipette and having solidified it. With an 
aluminium rod the agar can be pressed out in equal portions of 10 mm’, 
which are cut off with a razor blade (see Figure 2). These blocks are put in 
the test solution and stay there for two hours. Then the agarblocks are stuck 
to the two petiole stumps of the Coleus-explants in the Petri-dishes, which 
remain in an incubator of 23°C for the duration of the experiment. 

Recording of the test. By giving a little push against the petiole stumps, 
these can be removed from the stems, when abscission is accomplished. 

At certain times the number of abscised petiole stumps is recorded. As a 
control agarblocks with water are used. Under the experimental conditions 
the petiole stumps of the controls begin to abscise after + 60 hours. Abscis- 
sion is completed after + 100 hours. The process is very much dependent on 
temperature, so that a temperature constant to 0,5°C is needed. 

According to Luckwill (10) there is a seasonal variation of sensitivity. We 
did not examine especially the influence of the environment on the cuttings 
of which the “explants” were taken, but these certainly will have an influ- 
ence. This influence was eliminated, however, by making determinations in 
one and the same test series or by using a standard substance in every test. 
For reasons that have to be explained further on (p. 861) only the second 
node from the tip was used. 

Retardation (and eventually acceleration) of the abscission can be recorded 
in hours’ delay, or in hours’ delay as a percentage of the control or merely 
by recording in a graph the number of petiole stumps that have abscised after 
a certain time. The last method was followed in these experiments. Every 
point of a graph is the mean of 80 abscised stumps (4 Petri-dishes with 10 ex- 
plants each are a unit). There are two main differences between the methods 
of Luckwill and those described here. 

a. Luckwill uses little discs of filter paper impregnated with the solution 
to put on the petiole stumps; we used agarblocks of a constant size of 10 mm’. 
Which method is the best, can only be settled by comparative experiments. It 
looks as if both methods are equally good, but the filter paper discs are prob- 
ably easier to handle. 
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Figure 3. Abscission of the petiole stumps of different nodes, in control experiments with 
water. C I=node 1 (apex); C II=node 2; C III=node 3 (base). 


b. Luckwill uses 4 or 3 nodes of each plant, the numbers 4—7 (numbering 
from the apex). We use only one node of every plant, because preliminary 
experiments showed that the reaction of different nodes is different. This can 
be seen in figure 3, in which the nodes I, II and III (apex-base) are compared. 
It is evident, that the younger the node, the slower the reaction. For this 
reason, it is necessary to use only one node. In the standard test the second 
node is chosen. 


3. Results obtained with the “Coleus-abscission test” 


Results with NAA, IAA and MCPA. Of these compounds curves are repro- 
duced in figures 4 and 5. 

NAA. The smallest quantity of NAA, that can be indicated is 10° mol. = 
0.005 ug per petiole. Concentrations of 10~® mol. and 10~° mol. are distin- 
guished by the test. In the experiments of Luckwill the smallest detectable 
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Figure 4. The effect of different concentrations of NAA (10-8, 10-5 and 10-4 M) in the 
abscission test. 
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Figure 5. The effect of different concentrations of IAA and MCPA in the abscission test. 


amount of NAA is 0.01 ug. Therefore the use of the second nodes only seems 
to double the sensitivity of the test for NAA. 

In general NAA is giving more consistent results than IAA, which fact can 
be explained by the more readily inactivation of IAA in this test, which lasts 
much longer than any of the extension growth assays. 

IAA. Figure 5 shows some IAA curves. Also for this compound concentra- 
tions differing 10 times are very well distinguishable. 

The smallest detectable concentration is 1 mg/l in 10 mm? block, which 
results in an amount per petiole of 0.01 ug. We stress the very striking accord- 
ance with the results of Luckwill who also found for IAA 0.01 ug. per petiole 
the smallest acting quantity. By its more reliable action NAA was chosen as 
a standard and in all experiments was tested together with the compounds 
under investigation. 

MCPA. Detectable concentrations of this substance are of the same magni- 
tude as NAA, namely the smallest amount is 3X10~® mol., that is per petiole 
0.005 ug. This compound, moreover, is retarding the abscission very strongly, 
as can be seen in figure 5. In a concentration of 6X 105 mol. abscission is 
starting only after + 300 hours and all 80 petiole stumps are fallen after 
+ 600 hours. So the course of the process is much slower than in the case 
of NAA and IAA. 

The 2,3,5-trihalogenated benzoic acids. As is shown in the graphs of 
figure 6, all three 2,3,5-halogensubstituted benzoic acids act as growth pro- 
motors, viz. are retarding abscission. Lowest concentrations were not deter- 
mined, because it was the aim of this investigation only to see how the three 
benzoic acids acted in an abscission test. It appeared that the activity is high- 


est in the sequence: 
TBrBA > TCIBA > TIBA 


We stress the fact that as promotors of flower production these compounds 
act in the sequence (Gorter, 8): 

TCIBA > TBrBA > TIBA 
and in the abscission inducing test (Weintraub et al, 20): 

TIBA > TBrBA > TCIBA 
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Figure 6. The effect of TIBA, TCIBA, and TBrBA in the abscission test, as compared with 
effect of NAA. Concentration 10-4 M. 


The conclusions to be drawn from these data as to the auxin-antiauxin activ- 
ity of these compounds, will be dealt with in the discussion. 

The 2-pyridoxyacetic acid and derivatives. In 1955 a new synthesis of 
2-pyridoxyacetic acid 


ke J-ocn,cooH 


was published by Maas, de Graaff and den Hertog (11). This synthesis is the 
beginning of a research concerning the growth substance activity of isomeric 
pyridoxyacetic acids and derivatives. 

Veldstra (17) tested these substances and showed that 2-pyridoxyacetic 
acid and its 3,5-dichloroderivative actually had growth substance activity in 
the pea test and in the Avena straight growth test. The activity of the 3,5- 
dichloroderivative approached the level of IAA. These substances were also 
tested in the Coleus test. The result is shown in figure 7. Both compounds act 
as growth promotors, they retard abscission. The 3,5-dichloro compound acts 
+ 10 times stronger than the unsubstituted acid. 
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Figure 7. The effect of 2-Pyridoxyacetic acid (PYROA) and 3,5-dichloropyridoxyacetic acid 
(3,5-DPYROA.) in the abscission test. 
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Table 1. Activity of the w-phenoxyalkylcarboxylic acids in the abscission test. 


oo EEUU EERE 


Acid | 4-chloro series 2,4-dichloro series 


ACelCEm eee. 
Propionier. 2... 
OMA ere 
Valerie. 
Gaproicke er 
Heptanoic ..... 


EuEzE 
I+1+1+ 


+ =active. 
—-=inactive. 


Lowest concentration: 


2-pyridoxyacetic acid —— 105 mol. 
3,5-dichloro 2-pyridoxyacetic acid — 10~® mol. 


Slightest amount detectable: 


2-pyridoxyacetic acid — 1,5 X 1076 ug. 
3,5-dichloro 2-pyridoxyacetic acid — 2,2X 10° ug. 

The 4-chloro and 2,4-dichloro derivatives of the phenoxyalkyl carboxylic 
acids. The data are recorded in Table 1. 

The activity of these compounds is alternate, in this sense that the members 
with an odd number of methylene groups in the side chain are active (acetic, 
butyric, caproic acids; n=1, 3 and 5) and those with an even number are 
inactive (propionic, valeric, heptanoic; n=2,4 and 6). 

This coincides with the activity of these substances in other tests e.g. in 
the cylinder test, the Avena curvature test and the epinasty test. (Wain and 
Wightman, 19). 

On account of the classical experiments of Knoop (9) in animal physiology 
it was suggested that the fatty acids are broken down in the animal body by 
oxidation of the side chain in the ß-position of the carboxylic group. Also 
for plants, e.g. for tomato (Synerholm and Zimmerman, 15) for flax, pea and 
wheat (Wain and Wightman, 19) it could be made probable that this process 
also takes place in the plant tissue. 

The results with the Coleus abscission test indicate that also in the Coleus 
plant an enzyme must be present that causes a ß-oxidation. 


4. Discussion 


The way in which in Coleus rhenaltianus Abers. the petiole stumps are 
abscised after removal of the laminae, is of the kind menticned by Addicott 
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and Lynch (4) under group 3, viz. the middle lamellae between the cells are 
dissolved. The cells, isolated from neighbouring cells in this way, increase in 
volume and take on a round shape. Thus the fundamental process, respons- 
ible for this abscission is the activity of pectolytic enzymes. Therefore all 
problems arising round the abscission phenomenon gather in the problem 
how the substances which retard or accelerate abscission, influence the pec- 
tolytic enzymes. Research in this field is completely lacking, so that there is 
no starting point for explanations of data as found in this paper. 

TIBA is generally recognised as an auxin synergist (Thimann and Bonner, 
16, Galston, 6, Äberg, 1, Äberg and Khalil, 2), and causes also growth inhibi- 
tion. Its inhibiting action is mostly assumed to be of a competitive type. By 
Mac Rae and Bonner (12) it was listed among the substances that, according 
to their molecular structure, are likely to be real auxin-competitors. 

Nagao and Ohwaki (13) however showed that TIBA is not a real competi- 
tor. By applying the method of enzyme kinetics to the growth reactions of 
rice seedlings it was shown that TIBA had no competitive activity. 

Äberg (1) presented a hypothetical scheme in which the possible activities 
of auxin synergists and antagonists are accounted for: 


a. synergists and antagonists active via the auxin metabolism, 

b. antagonists competing with the auxin molecules for active places in the 
substrate and 

c. antagonists acting via the growth metabolism. 


On account of the available data TIBA could act as a or c or both. 

In the here mentioned abscission test TIBA acts as an auxin. We could 
assume that in the petiole stumps little quantities of endogenous auxin are 
present, on which TIBA acts synergistically, but it is very unlikely that these 
quantities are such that TIBA can exert the strong effect it does. Its effect on 
abscission has no difference whatsoever from the effect of a real auxin (in the 
definition of the “Nomenclature of Chemical Plant regulators” (5). The only 
explanation for these results seems to be that in the abscission test TIBA acts 
as an auxin or stimulates very much the auxin synthesis (the case a of Âberg). 

The analogous Cl and Br benzoic acids also act as auxins. In equimolar 
ratios they do not have the same effect. The sequence of strongest activity is 
TBrBA > TCIBA > TIBA. 

It is interesting to compare this sequence of activity with that in other tests, in 
which the three compounds were investigated, viz. in another abscission test (Wein- 
traub et al. 20) and in their effect on flower production (Gorter, 8). In the test of 
Weintraub et al. the substances were sprayed on the main buds of Phaseolus plants, 
whereupon the leaves abscised. In this case the compounds reach the petioles from 
the proximal side, in our test the application is distal. 

This could be the reason, why as an abscission inducing agent I is working strong- 
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est, and as an abscission retarding agent weakest of the three analogous substances. 
Because the sequence of activity of the three substances is not the opposite, this 
explanation in itself is inadequate. A possible explanation could be that in the case 
of Weintraub’s experiments (induction of abscission) the compounds are supplied 
to the endogenous auxin, whereas in the Coleus test they are applied to delaminated 
petioles (likely poor in auxins). Therefore, in the first case they can antagonize the 
endogenous auxin or prevent its transport (Niedergang and Skoog, 14), whereas in 
the Coleus test the same substances replace the natural auxin. Also these effects are 
not opposite or at least not reversely influenced by the three benzoic acids. Therefore 
the theories about the activity of these benzoic acids as auxins or auxin-antagonists 
cannot explain the available experimental data. 
Summarizing, the three benzoic acids are: 


a. inducing abscission of petioles (after spraying the main bud): sequence of activity: 
> BrCl 

b. retarding abscission of petiole stumps (after removal of the laminae): sequence of 
activity: Br > Cl >I 

c. increasing flower production: sequence of activity: Cl > Br >I 


It follows that the effects a and c are the reverse and that a and b of which a 
reversibility could be expected, are not so. The effect b is an auxin effect, so that the 
conclusion is justified that in this test the three compounds act as auxins and strong- 
est in the sequence Br > CI > I. For the case c we did already conclude that the 
substances do not act as auxin-antagonists (Gorter, 8). In the case a the activity is 
perhaps a direct one on the pectolytic enzymes, but this remains to be investigated. 

The 2-pyridoxyacetic acid and some of its derivatives are new in the field 
of the auxins. As will be published elsewhere they act in extension growth 
tests. In this paper they are identified also as auxins in the abscission test. 


5. Summary 


1. An “abscission test” is described which is suitable for determining auxin 
activity. 

2. Calibration curves are reproduced for: IAA, NAA, MCPA, 2,3,5-TIBA, 
2,3,5-TCIBA, 2,3,5-TBrBA, PYROA and 3,5-DPYROA. 

3. Some minimal doses which could be determined are: 
NAA — 5.1073 ug. 
IAA — 10.-? ug. 

4. For special purposes this test is very suitable. The only difficulty is that 
it requires large numbers of plants. 

5. The 2,3,5-halogen substituted benzoic acids act as auxins, in the sequence 
of strongest activity: TBrBA > TCIBA > TIBA. 

6. The 4-chloro and the 2.4-dichloro series of the phenoxyalkylcaboxylic 
acids have alternative aciivity. This indicates B-oxidation in the side 
chains. 
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7. A recently recognised new group of auxins, the 2-pyridoxyacetic acid and 


its 3,5-dichloroderivative act as auxins in the abscission test also. 


The author expresses her sincerest thanks to Prof. Dr. R. L. Wain (Wye-College, 


England), to Prof. Dr. H. J. den Hertog (Department of Organic Chemistry, 
Wageningen) and Prof. Dr. H. Veldstra (Amsterdamse Chininefabriek, Amsterdam) 
for providing respectively the 4-chloro and 2.4-dichloro series of the phenoxyalkyl- 
carboxylic acids, the pyridoxyacetic acids and the substituted benzoic acids. 
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Introduction 


Havas (1935) in his experiments on the effect of vitamin C on different 
plants found that in the case of wheat it caused an acceleration of growth as 
well an increase in the shoot length of about 25—30 per cent. Oats were 
found to be less sensitive to the stimulatory and inhibitory effects of ascorbic 
acid. In the case of tomato, on the other hand, no acceleration of growth and 
flowering was observed at all. A stimulation in growth with vitamin C treat- 
ment has also been reported by Dennison (1940) in tobacco. Havas and Gal 
(1936) showed that the stimulatory and inhibitory effects of ascorbic acid on 
seedling growth depended upon its concentration. 

During the course of the last many years extensive studies have been car- 
ried out in this laboratory on the physiological role of ascorbic acid on plants. 
These studies were undertaken both on the metabolic drifts of endogenous 
ascorbic acid and other growth regulating substances in plants as well as the 
exogenous application of ascorbic acid and other growth regulating sub- 
stances to the growing points of plants. The present paper deals with the 
effect of exogenous application of ascorbic acid to the growing points of 
two crop plants. 


Experimental Procedure 


The results of only two experiments are reported in this paper. The first experi- 
ment was carried out with Trigonella foenum-graecum and the second with Brassica 
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chinensis. The seeds of Trigonella were obtained from P. Pocha & Sons, Poona, while 
those of Brassica from the I.A.R.I., New Delhi. The seeds were sown in unglazed 
earthen pots (12 inches in diameter) containing a mixture of garden soil (loam) 
and farmyard manure in proportion of 3 : 1. Twenty seeds were sown in each of the 
twenty pots. After germination thinning was done so that six plants were left in each 
pot. The seedlings were allowed to grow in the open and were exposed to normal day 
with natural illumination of October—March in Delhi. When the seedlings were 
seven days old the ascorbic acid (AA) treatment was given. For giving the treatments, 
the seedlings were transferred to open shade. The growing points of all the seedlings 
were wrapped with tiny wads of absorbant cotton. The AA solution was prepared by 
dissolving the appropriate quantity (as indicated separately for each experiment) in 
glass-distilled water. The concentration of AA used for each crop was found to be 
optium for the particular crop. This was determined in a preliminary experiment. 
As the AA solutions were used without the stabilizer HPO3, they were unstable in 
the presence of air and, therefore, the solutions were prepared fresh every hour. The 
growing points of seedlings in ten pots were treated with AA solution. The wads of 
cotton were soaked with the AA solution by means of a pipette, which was chemically 
cleansed with chromic acid mixture and thoroughly washed in glass-distilled water 
before use. The cotton wads on the seedlings of the remaining ten pots were similarly 
kept moist with glass-distilled water to serve as controls. The AA solution and the 
distilled water were applied every fifteen minutes to begin with, but the frequency of 
application was increased to ten minutes in view of the higher rate of evaporation 
with the advancement of the day. Towards late in the evening the original frequency 
of application was restored. The treatment was continued for twelve hours from 
7 A.M. to 7 P.M. and was repeated for the same period on the third day. The pots 
were then shifted to the open field with normal hours of light and darkness. The 
data for growth characters and flowering behaviour was recorded separately for AA 
treated and control plants. Full details regarding the concentration of AA used and 
the growth observations taken are given separately for each experiment. 


Experiment No. 1 


Material used: Trigonella foenum-graecum L (fenugreek). AA concentra- 
tion used: 200 mg./1. 

Growth observations: Height and leaf number of ten plants selected at 
random were taken regularly at fortnightly intervals throughout the growth 
period. The distance between the level of the soil and the top of the main 
shoot was taken as height. As soon as flower buds started forming, daily re- 
cords were kept of the number of plants showing flower bud development 
and subsequent opening of the flowers. Plant samples were taken only once 
after 90 days of growth. Fresh weights were determined separately for roots, 
stems, leaves and fruits. After taking fresh weights the samples were dried in 
the sun for fifteen days for dry weight determinations. Before taking the dry 
weights, they were kept in the oven for three hours at 100°C. After the plants 
were fully mature, they were harvested and data were collected for the cha- 
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Figures 1—4. 


Trigonella foenum-graecum (expt. I): Heights and leaf numbers of control and 
AA treated plants. Heights of @———® control; ©----- © AA treated plants. 
Leaf number of À À control; and /\———/\ AA treated plants. 

Trigonella foenum-graecum (expt. I): Number of plants flowering in the control 
and AA treated series as per cent of total. Control ----- ; AA treated 
Brassica chinensis (expt. II): Number of plants flowering in the control and 
AA treated series as per cent of the total. Control ©- - - - - ©; AA treated ©&-——®. 
Brassica chinensis (expt. II): Number of flowers and fruits per plant, number 
of seeds per fruit and thousand seed weight. Control: stippled; AA treated: 


black columns. 
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Table 1. Growth data of AA treated and control plants together with the standard error of 
differences of means. (Experiment No. 1.) 


Root | Stem Leaf Fruit Branch Fruit Seeds 
B reatment Number |per plant 
Fw | pw | rw | pw | rw | pw | rw | pw | Number | Number |per P 
| | 
Control 0.29 | 0.10 | 1.91 | 0.49 | 2.27 | 0.44| 2.92 |0.61| 3.0 4.0 14.0 
Ascorbic Acid | 0.30 | 0.12 | 3.02 | 0.82 | 2.85 | 0.62 |4.70 1.04 | 3.1 6.0 15.0 
ER a | 0.01 lo.os|l Joo3|  |o.11| 0.06 0.91 | 0.07 


Each value is a mean of 10 determinations. 
FW and DW are fresh and dry weights in g. per plant respectively. 


racters determining yield, viz. the number of branches and fruits per plant 
and the number of seeds per fruit. The mean period between the day of sow- 
ing and the day of flower opening in the first ten plants was determined 
separately for the control and AA treated plants and was taken as the vegeta- 
tive period. 

The data for leaf number and height at fortnightly intervals are presented 
in Figure 1. Each figure in that graph is a mean of ten observations. It will 
be seen that almost from the very first reading the AA treated plants show 
greater leaf number. The divergence between the leaf number of the AA 
treated and control plants widens as the growth season advances, so much so 
that on the 90th day of growth the AA treated plants bore 31 leaves compared 
to 23 on the control plants. Similarly, the height of AA treated plants increases 
at a faster rate with the result that on the 90th day of growth the height of 
the AA treated plants was 47.6 cm. compared to 36.1 cm. of the control plants. 

In Figure 2 the number of flowering plants as per cent of the total both for 
the AA treated as well as the control plants are plotted against time. Flower 
buds first appeared from the growing points which were treated with AA solu- 
tion ten days earlier than in the control. The first flower opened twelve days 
earlier in the AA treated plants than in the controls. 

The results of fresh and dry weights of root, stem, leaf and fruit, as well as 
the number of branches and fruits per plant and the number of seeds per 
fruit, which were determined separately for AA treated and control plants 
after 90 days of growth, are presented in Table 1. Each value in this table is 
a mean of ten observations. 

It will be seen from this table that treatment with AA of the growing points 
of Trigonella has resulted in enhanced growth especially in stem, leaf and 
fruit weight as shown by the fresh and dry weights. The number of fruits per 
plant and the number of seeds per fruit are also higher in plants treated with 
AA, though the effect is not very pronounced. The significance or otherwise 
of the data was determined by statistical analysis and the standard error of 
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the differences of means for the dry weights and the number of each growth 
character are also given in Table 1. The analysis clearly indicates that the 
enhancement in dry weights of stem, leaf and fruit of AA treated plants is 
highly significant. Even the fruit number, seed number and branch number 
are significantly higher in AA treated plants as compared with untreated ones. 


Experiment No. 2 


Material used: Brassica chinensis. L. AA concentration used: 400 mg./l. 

Growth observations: Observations were taken of the number of leaves and 
the length of leaves twice during the growing period. The first observation 
for these characters was taken 58 days after sowing and the second on 73 days 
after sowing. The average length of the leaf per plant was determined by 
calculating the mean length of all the leaves borne at the time. Height 
measurements of the plants were taken only once after 112 days of growth. 
The number of flowers and fruits per plant was determined 121 days after 
sowing. The data for the initiation and completion of flowering was recorded 
in the same manner as for experiment no. 1. When the plants were mature, 
the number of seeds per fruit and 1000 seed weight were determined for ten 
plants selected at random. The results of various vegetative characters are 
presented in Table 2. Each value in the table is a mean of ten observations. 

It will be seen from the table that treatment with AA results in greater 
growth as shown by the height of the plants as well as increase in the size 
and number of leaves per plant. 

The flowering behaviour of treated and untreated plants is shown graphi- 
cally in Figure 3. It is seen that treatment of this plant also with AA results 
in the hastening of flowering. The first flower opened in AA treated plants 
86 days after sowing. In the untreated plants, on the other hand, it took 
95 days for the first flower to open. The effect of AA treatment on the 
number of flowers and fuits per plant, the number of seeds per fruit and 


Table 2. Growth data of AA treated and control plants together with the standard errors of 
differences of means. (Experiment No. 2.) 


Height in cm. | Leaf no. after | Leaf no. after | Leaf length | Leaf length 
Bren tment after 112 days 58 days 73 days after 58 days | after 73 days 
| 
Control bi. 254. 56.9 7.2 | 8.6 7.6 | 9.8 
Ascorbic acid... 81.6 8.7 11.5 9.5 | 13.3 
bi a a rain a i Noell 0.18 5 0.23 


Each value is a mean of 10 determinations. 
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Table 3. Standard errors of differences of means of flowering data and the characters 
determining yield in Brassica chinensis. (Experiment No. 2.) 


EEE 


Character S.E. 
Vegetative period ......:.....- 0.433 S 
! Number of flowers per plant .. 77.321 S 
Number of fruits per plant .... 119.300 S 
Number of seeds per fruit ...... 3.622 S 
Thousand seed weight ........ 0.045 S 


S denotes highly significant results. 


1000 seed weight are shown diagrammatically in Figure 4. The black histo- 
grams represent the values of these characters in AA treated plants, while 
the histograms with dots show the values in untreated plants. It is seen that 
the number of flowers produced in AA treated plants is considerably higher. 
The number of fruits per plant and the number of seeds per fruit were also 
much larger in AA treated plants. 

The results have been put to statistical analysis. The standard errors of the 
differences of means of the various growth characters are given in the third 
row in Table 2. It is seen that AA treatment effects are all highly significant. 
The standard errors of the differences of the means of flowering data and 
those of the data determining yield i.e. the number of flowers and fruits per 
plant, the number of seeds per fruit and the 1000 seed weight, were also cal- 
culated and are shown in Table 3. It can be seen that the differences are all 
highly significant. 

It will not be out of place to mention here that similar stimulatory effect of 
AA treatment of these as well as other crop plants has been observed in sub- 
sequent years also. 


Discussion 


It is clear from the results presented in this paper that AA treatment causes 
a stimulatory effect on the growth of Trigonella foenum-graecum and Bras- 
sica chinensis. This is brought out from a higher rate of stem elongation and 
leaf length as also by larger number of leaves shown by plants treated by 
AA as compared with untreated plants. This is also shown by higher values 
of fresh and dry weights of the individual plant parts in the case of AA 
treated plants. An accellerating effect on growth in shoot length has also been 
reported by Havas (1935) in the case of wheat and by Dennison (1940) in 
tobacco. A reference may be made here to the work of Chinoy, Grover and 
Sirohi (1957), who have undertaken the studies of indole-3-acetic acid (IAA) 
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interactions with ascorbic acid (AA) at varying concentrations in this labora- 
tory and have shown that extension growth of avena coleoptile sections in 
low concentrations of IAA (0.03 mg./l) is greatly accelerated by the addition 
of AA (50 mg./1). This growth surpasses even that obtained by the exogenous 
application of high concentration of IAA (0.5 mg.l) alone to coleoptile sec- 
tions. Higher concentrations of AA, on the other hand, were found to cause 
retardation in growth after an initial acceleration for a brief period. Another 
significant point that has emerged from these studies is that the growth of 
avena coleoptiles is accelerated even when AA is supplied only once in the 
beginning of the experiment, indicating thereby that AA treatment is indue- 
tive and its effect manifests later in growth. Tonzig (1952) has also studied 
the interaction of IAA and AA on structural viscosity and other cytoplasmic 
activities. He has ascribed auxin balancing power to AA. Sheuermann (1952) 
has also shown that an increase in root formation of Phaseolus multiflorus 
which is caused by the application of IAA can be eliminated by the addition 
of ascorbate. An antagonistic relationship between AA and auxins has also 
been reported by Tonzig and Trezzi (1954) in oat coleoptiles, bean and castor 
hypocotyls and pea stems. The stimulatory effect of AA on height, leaf length, 
leaf number and other growth characters observed in the experiments pre- 
sented in this paper suggests that the enhanced growth may partly be due to 
the lowering of structural viscosily of protoplasm. It is well known that dis- 
persion and hydration of plasmatic colloids are affected by changes in 
viscosity. 

The stimulatory action of AA on growth as well as flowering observed in 
this work suggests that AA acts not only as a growth promoting substance 
but has some action in accelerating the developmental process of the plant. 
A study of the metabolic drifts of the endogenous AA and IAA in different 
varieties of crop plants under the influence of different vernalization and 
photoperiodic treatments carried out in this laboratory, have shown that a 
higher AA content of the growing points of wheat, barley, oat, linseed and 
other crop plants synchronised with the morpho-physiological change in the 
growing point from the vegetative to the reproductive state (unpublished 
data). Under long day and vernalization treatments there was an earlier up- 
ward swing in AA concentration synchronising with the earlier change in the 
growing point from vegetative to reproductive state. In early flowering varie- 
ties also there was an earlier rise in AA concentration compared to the late 
ones. An increase in the AA content up to the time of flowering has also been 
reported by Venkataramani (1950). In the light of these facts it would appear 
that the endogenous AA of a plant interacting with its IAA has an important 
role to perform in the transformation of the plant from the vegelative to the 
reproductive state. This change is probably brought about by a change in 
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the redox system of the plant, as well as in other properties of the cytoplasmic 
and the nuclear colloids paving the way for the ultimate meiotic division. 
It is significant that AA treatment of the growing points of plants of a few 
hours duration during the early stages of its growth results in enhancement 
of growth and acceleration in flowering at a much later period in the life of 
the plant. In conclusion, therefore, it may be stated that the effect of AA treat- 
ment appears to be an inductive effect analogous to that of vernalization. 


Summary 


Seedlings of Trigonella foenum-graecum and Brassica chinensis were raised 
in earthen pots; out of which ten pots for each crop were treated with ascor- 
bic acid solution of 200 mg. per litre and 400 mg. per litre respectively, while 
others served as controls. 

2. Treatment with AA resulted in enhanced vegetative growth, like greater 
stem height, production of more leaves with larger size and accumulation of 
greater fresh and dry weights. 

3. AA treated plants flowered earlier than the controls. 

4. The number of flowers and fruits per plant, the number of seeds per 
fruit and the thousand seed weight were significantly higher in AA treated 
plants as compared with the untreated ones. 

5. The results have been discussed in the light of interaction of AA and IAA 
suggested previously. 
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Introduction 


Recently considerable interest has centered round the role of pectic enzymes 
in the manifestation of fusariose wilts of vascular plants (Waggoner and 
Dimond, 13; Winstead and Walker 14; Gothoskar et al., 3, 4). Waggoner and 
Dimond (13) detected pectin methyl esterase (PME) in vivo in the vascular 
sap of wilt-infected tomato plants and considered the enzyme to be functional 
in pathogenesis. Gothoskar et al. (3, 4) reported that commercial preparations 
of pectic enzymes rich in PME reproduced typical toxaemic syndrome in 
susceptible tomato plants closely resembling those obtained with the culture 
filtrates of the pathogen Fusarium lycopersici Sacc. and considered the pectic 
enzymes produced by the pathogen to be important factors in causing charac- 
teristic wilt and vascular browning. Pierson et al. (11) observed a close 
histological resemblance between wilt-infected and PME-treated tomato 
plants. Kamal and Wood (5) indicated a correlation between depolymerase 
activity and in vitro toxicity to cotton cuttings of culture filtrates of Verticil- 
lium dahliae. The author (Lakshminarayanan, 8) recently reported a signifi- 
cant difference in the distribution of pectin in the different organs of suscept- 
ible and resistant varieties of cotton and a rapid depletion in the susceptible 
root pectin reserves during wilt which was attributed to the pectic enzymes 


* Present address: Department of Botany, University of Manitoba, Winnipeg, Canada. — 
The paper formed part of a doctoral thesis of the University of Madras — 1955. 
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produced by the pathogen in vivo. It was therefore considered desirable to 
investigate the adaptive nature of PME formation by the pathogen Fusarium 
vasinfectum Atk. with a view to understanding the possible role of this en- 
zyme in vivo in the Fusarium wilt of cotton. 


Methods and Materials 


A pathogenic strain of Fusarium vasinfectum Atk. used in earlier studies 
(Lakshminarayanan, 7, 8, 9) was grown in Richard’s medium in which dif- 
ferent levels of pectin (B.D.H. Apple pectin) was incorporated in the carbo- 
hydrate source, in Erlenmayer flasks 500 ml capacity with 100 ml medium). 
The carbohydrate source was a mixture of pectin and cane sugar; controls had 
only cane sugar 5 per cent. The cultures were incubated at room temperature 
28—30°C. for four weeks. The mycelia were harvested at the end of this 
period and the crude endo-enzyme prepared by masceration in pyrex mortar 
and pestle and dehydration and defatting with acetone (99 per cent), petrol- 
eum ether (B.P. 40—50°C.) and ether at 3—4°C. The powder was air-dried. 
rapidly and over anhydrous CaCl, in the vacuum desiccator overnight at 
3—4°C. The PME activity of the preparation was estimated under the opti- 
mal conditions standardized earlier (Lakshminarayanan, 6). The mixtures had 
the foilowing composition: 25 ml of 1 per cent pectin + 10 ml enzyme (concen- 
tration 1 mg/ml -powder extracted in Waring blender with 0.5 M NaCl for 
10 min.) +5 ml of distilled water. The pH was adjusted at 6.2 with a drop of 
methyl red before incubating at 33°C for one hour. During hydrolysis enough 
N/10 NaOH was added to the mixture every 5 minutes to prevent the solution 
from turning pink. The number of milligrams of methoxyl groups split 
during the one hour (total volume of NaOH X3.1) divided by the volume of 
the enzyme gave the number of units of PME/mg. of the enzyme preparation. 
The reaction mixtures, heat-inactivated controls, substrate and enzyme blanks 
were maintained in triplicate and mean enzyme activity after allowing for 
controls and blanks per 100 mg. of the enzyme preparation at the optimum 
level of 1 per cent pectin+4 per cent cane sugar are presented in Table 1. 


Table 1. 


ee nu TL RU RAI Te 


Dry mat | PME activity in 

Medium weight in| units/100 mg. 

mg. enzyme prep. 
| ili Pectin-incorporated medium (1 °/o pectin+4 °/o cane sugar)! 905.0 58.9 
2. Control (5 °/o cane sugar) (Richard’s medium) .......... 407.6 | 34.3 
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The culture filtrates were dialysed at 3°—-4°C for three days for evaluation 
of in vitro toxemia. The optimal concentration of Fet? employed was 
107? M as FeCl;. The shoots of susceptible K2 plants 10—12 days old, grown 
in normal garden soil were used. The concentration of the toxic filtrates em- 
ployed in each case (10 ml) were: A (neat); B (50 %o); C (25 %); D (10 %) 
and E (5 %o). 


Results and Discussion 


The results presented herein indicate that the incorporation of 1 per cent 
pectin in Richard’s medium results in a significant increase in not only growth 
but also the endo cellular PME activity of the pathogen. It is evident that 
PME is formed in vitro in the absence of pectin but its presence results in 
increased activity. Besides, the culture filtrates obtained from the pectin- 
incorporated media were intensely coloured brown and were much more toxic 
in vitro to susceptible cotton cuttings (especially with added Fe*3 at 10-3 M) 
when screened as detailed elsewhere (Lakshminarayanan, 7). The results are 


Table 2. In vitro Toxemia of culture filtrate of F. vasinfectum grown in pectin medium. 


Symptoms 
Toxin Source Concentration 
24 hours ? 48 hours 
Pectin. b= ( Fer)... ner. A ae SE de 
B = ++ 
C Ho = où 
D ae = 
E Bon a 
Neat Richard’s C.F. (—Fet?) ........ = ar 4 
C ee. oot 
D = es) 
E er 2 
BECHNICHTLEL Fed) een A ed eae ar 
B Gleate SAP ar 
Cc = Sear oar 
D — +++ 
| E = SPE 
Neat Richard’s C.F. (+Fet°) ........ A ae Sr ser 
eat Richard’s (+Fet) = " ie 
® +? +? 
D = ar 
E — SF SE 


— completely healthy as the water blank. 
+ slight shrivelling, yellowing and vein clearing symptoms of the leaves. 
++ ‚advanced foliar symptoms with the petioles drooping but stem healthy. 
+++ complete stem necrosis with severe foliar injury. 
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presented in Table 2. Wilt-infected cotton plants, especially root saps recorded 
a marked increase in PME activity in vivo over healthy controls (Lakshmina- 
rayanan, 9). It is evident that the production of PME by F. vasinfectum in 
vitro is partially adaptive resulting in increased secretion in presence of pectin 
and it looks reasonable to conclude that the PME secretion in vivo could also 
be partly adaptive. The presence of high pectic reserves especially at the focus of 
infection, viz the root region of susceptible cotton plants and its derangement 
reported by the author recently (Lakshminarayanan, 8) suggests an increased 
adaptive secretion of PME by the pathogen during wilt. The behaviour of 
F. vasinfectum appears to be similar to that of Fusarium lycopersici (Waggo- 
ner and Dimond, 13) and Botrytis cinerea and Scleretina fructigena (Prosku- 
riakov and Ossipov, 12; Gaumann and Bohni, 2; Cole, 1) and Pencillium 
chrysogenum (Phaff, 10). 


Details regarding the production of pectic enzymes in vitro by F. vasin- 
fectum will be published elsewhere. 


Summary 


The incorporation of pectin in pure culture resulted in an increased forma- 
tion of pectin methyl esterase by the cotton wilt pathogen Fusarium vasin- 
fectum Atk. The significance of this partially adaptive nature of the enzyme 
formation in the fusariose wilt of cotton is discussed. 


It is a pleasure to thank Professor T. S. Sadasivan for his guidance and encourage- 
ment and the Government of India for the award of a Senior research scholarship. 
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It has long been known that the absorption of ions by roots or storage tis- 
sues consists (at least for cations) of two components, one of which is rapidly 
but passively adsorbed on the organ or tissue surface; the other is then slowly 
but actively (i.e. metabolically) drawn into the cells (Epstein 1956). More 
recent workers (Hope and Stevens 1952, Hylmö 1953, Butler 1953, Epstein 
1955) have identified a third component that is also rapidly absorbed. It is 
different from the adsorbed component, for it shows up even when conduc- 
tivity measurements are made on the surrounding solution (Hope and Stevens 
1952). If it were simply due to an exchange of ions, the conductivity of the 
external solution would remain unaltered (see Epstein 1956). Furthermore, 
this initial absorption can be demonstrated with anions as well as with non- 
ionizable substances — e.g. mannitol (Butler 1953). Since neither of these can 
be adsorbed, this third component must be due to simple diffusion into the 
tissue. But only a limited portion of the root is available for free diffusion. 
The protoplasm and vacuole are surrounded by differentially permeable 
plasma membranes and the intercellular spaces remain air-filled (Hope and 
Stevens 1952). This leaves only the cell walls, and it is therefore into these 
that the initial rapid absorption due to diffusion must take place. 

The above investigators agree with this reasoning up to but not including 
the last point. According to Hope and Stevens (1952) it is not the cell wall but 
the cytoplasm into which most of the ions diffuse. In other words, the semi: 
permeability of the cell resides only at the tonoplast. The rest of the proto- 
plasm (including the outer plasma membrane) would have to be essentially 
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freely permeable to ions. It is a little difficult to understand why this concept 
has been so readily accepted (Hope 1953, Hylmö 1953, Epstein 1956).* For it 
must be realized that diffusion across a membrane is a two-way process. If 
ions could diffuse freely into the cytoplasm, they would also be able to dif- 
fuse back out of it. If this were true, all the unadsorbed ions in the cytoplasm 
(including those held by a Donnan Equilibrium) would rapidly diffuse out 
into distilled water. Yet it has long been known that this does not happen — 
even at 0°C when the metabolic rate is too low for any active reabsorption. 
Furthermore, such free diffusion across the outer plasma membrane would 
prevent the concentration of ions inside the protoplasm from exceeding that 
in the surrounding solution, except by the small amount due to a Donnan 
Equilibrium. Thus, the accumulation of ions due to respiratory energy would 
occur in the non-metabolizing vacuole but not in the metabolizing protoplasm; 
and animal cells (being without a tonoplast or vacuole), would be incapable 
of ion accumulation. Aside from the illogic of this concept, it is opposed by 
the available evidence; for at least in the case of Valonia and Nitella, “the 
real seat of the concentration is the protoplasm — and the diffusion from the 
protoplasm into the sap is not against the gradient but with it” (Brooks and 
Brooks 1941). 

The concept of free diffusion of ions into the protoplasm also involves a 
complete denial of all the evidence that has accumulated on the semiperme- 
ability of the external plasma membrane (Davson and Danielli 1943, Brooks 
and Brooks 1941). It is true that diffusion of ions into the protoplasm (“intra- 
bility”) has long been known to occur even in the absence of any further 
diffusion into the vacuole (‘permeability’). In plasmolyzed cells, this results 
in “cap plasmolysis”, but only after long plasmolysis in hypertonic solutions 
of Li, K, or Na salts — for instance 12 hours in 0.6 to 1.0M KNO, (Strugger 
1949). Even after this long period, diffusion equilibrium has not been reached. 
It is, therefore, obvious that the protoplasm of roots cannot come to diffusion 
equilibrium with KCI solutions in the less than 20 minutes during which the 
rapid initial absorption occurs. Our own observations with unplasmolyzed 
onion epidermis cells have shown progressive cytoplasmic changes in 0.1M 
KCl. The first signs of such changes become apparent after about 30 minutes, 
but they do not reach completion until several hours. 

A much more rapid penetration of radioactive ions into the protoplasm of 
Nitella has been shown by Brooks (1938, 1939, 1951). But this is a case of 
accumulation, for the concentration in the protoplasm exceeds that of the sur- 
rounding solution within 5 mins. Furthermore, within the first 2 minutes the 
uptake by living cells is more rapid than that by dead cells. Since diffusion 


* See also Kramer, P. J. Science 125: 633. 1957. 
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into the dead cells is unimpeded, that into the living protoplasm cannot pos- 
sibly be more rapid. Consequently, the initial more rapid uptake by the living 
protoplasm cannot possibly be due to simple diffusion. Epstein (1956) points 
to results with bacteria as indicating free and rapid diffusion into the cyto- 
plasm. But it has long been known that the plasma membrane of at least 
some bacteria is of the simple “sieve” type and is often so permeable to solutes 
that plasmolysis does not occur; whereas that of higher plants is a “lipid 
sieve” which is impermeable or slowly permeable to many solutes (Brooks 
and Brooks 1941, Davson and Danielli 1943). Results with the one cannot 
therefore be applied to the other. 

The interpretation of the above workers is thus in complete opposition to 
the well established principles of cell permeability. Their evidence must, 
therefore, be carefully analyzed. Their main contention is that the A. F. S. is 
too large to be accounted for by the cell walls. This conclusion is based on 
two main lines of evidence. 

1) The cell wall can account for less than 3 per cent of the root volume 
(in a later paper — Hope 1953 — this value is taken as zero!), whereas the 
A. F. S. is 13 per cent (Hope and Stevens 1952). Simple calculations on the 
basis of the photomicrographs in this paper show that if the cell walls did 
account for less than 3 per cent of the root volume, they would be invisible 
(less than 0.2 u thick) with the optical microscope. Yet they are clearly visible 
in the photomicrographs at a magnification of only 109X. What, then led 
them to their conclusion? They calculated the percent of the tissue volume 
occupied by the cell wall as follows. The dry weight of the roots is 12 per cent 
of the fresh weight. About 25 per cent of this dry weight is cellulose. There- 
fore, the dry cellulose occupies about 3 per cent by weight of the fresh tissue 
and less by volume. If the cellulose is associated with its own volume of water, 
it would still contribute less than 3 per cent. 

These calculations are obviously completely in error. To determine approx- 
imately how much water the cellulose can be expected to hold, we weighed a 
piece of filter paper both dry and saturated with water (blotted “dry”). It 
held 1.5 g H,0/g dry cellulose. On the basis of Hope and Stevens’ figures, the 
dry cellulose would account for 3 per cent of the weight of the fresh tissue 
and therefore 2 per cent of its volume (the specific gravity of cellulose is 
about 1.5). If it is hydrated to the same degree as the filter paper, the volume 
would be 2+4.5=6.5 per cent of the root volume. This, however, does not 
take into account the pectins, which occupy a significant portion of the cell 
walls in roots (Cormack 1956) and which are even more highly hydrated 
than the cellulose. If the pectin volume were only half the cellulose volume, 
the cell wall would account for 10 per cent of the root volume. This agrees 
well with Butler’s (1953) careful calculations on the basis of actual cell wall 
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measurements, which lead to a value of 11—-12 for the percent of the root 
volume occupied by the cell walls. But the A. F. S. due to the cell wall would 
4.5 


6.5 
or 70 per cent of the volume of the hydrated wall. On the basis of Butler’s 


calculations this would be 7.7 to 8.4 per cent or approximately 8 per cent of 
the root volume. This value is much larger than Hope and Stevens’ calculated 
value for the free space due to the cell wall, though somewhat smaller than 
their value for the total A. F. S. 

The incorrectness of the assumption that the A. F. S. is in the cytoplasm 
rather than in the cell wall, is illustrated by Hope (1953). Since his values for 
A. F. S. were approximately constant along the root, he concluded that the 
cytoplasm occupies the same fraction of the root in the 1st cm. from the apex 
as in the 3rd and 5th. This is impossible since the 1st cm. consists mainly of 
meristematic cells and is, therefore, mostly protoplasm, while the 3rd and 
5th cms. consist of mature cells that are mostly vacuole. 

2) The A. F. S. may account for 20—33 per cent of the total root volume 
(Butler 1953, Epstein 1955). These values are undoubtedly too large to be 
accounted for by the fraction of the root volume occupied by the cell walls. 
But they are considerably larger than the values obtained by Hope and Ste- 
vens (1952) and by Hylmö :(1953). It does not seem likely that such large 
differences can exist between the roots of different species. The differences 
are more readily explained on the basis of the techniques used. 

Butler (1953) used four methods, two of which yielded A. F. S. values of 
about 24 per cent, the other two about 33 per cent. The methods for the lower 
value were more direct, and the result agrees perfectly with Epstein’s. It will, 
therefore, be chosen for the following discussion. Butler removed his roots 
from the KCI solution after measured periods of time, blotted off the excess 
solution from the roots by pressing between filter paper, and determined the 
ion concentration in the expressed sap. Epstein removed his roots from 
K,S*O, solution, blotted them with cheesecloth, then transferred them to 
distilled H,O, and finally determined the loss of S*O, to the distilled water. 
Both workers assumed that the blotting removed all the surface solution. But 
they were using roots only 0.25 mm. in diameter (Butler 1953). Consequently, 
a microscopic surface film would lead to a very significant error. On the 
other hand Hylmö’s roots were of much larger diameter and this error would 
therefore be much smaller. Even in Hope and Stevens’ experiments, as Butler 
points out, since a potentiometric method was used, the surface double layer 
may have given rise to too large a value. 

Table 1 shows that if a surface film 0.02 mm. thick remained on all the 
roots, the corrected A. F. S. in all three cases is close to the calculated value 
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Table 1. The A. F. S. obtained by different investigators compared with the corrected 
values, assuming a surface film of 0.02 mm. (A. F. S.=apparent free space as °/o of 
total root volume). 


SSL 
: % of root | 5 | 
Root | are volume due to Pea | ri investigator 
| Wen surface film - 

pea 2 2 7—8 5-6 | Hylmö 1953 | 

bean 1 4 13 9 Hope and Stevens 1952 
wheat 0.25 14 24 10 | Butler 1953 | 
calculated A. F. S. in cell walls of root 8 Butler 1953 | 


for the A. F. S. in the cell wall. This explains why the recorded values are 
inversely related to the root diameter. As Butler points out, Hylmö’s value 
may be too low because diffusion equilibrium may not have been reached in 
his thicker roots. Epstein does not state his root diameter, but it must have 
been similar to Butler’s since he used barley roots of exactly the same age as 
Butler’s wheat roots. His value for A. F. S. was also identical with Butler’s. 

But is it possible for a 0.02 mm. film to be left on the roots? The only quan- 
titative data that may yield information on this point are given by Butler’s 
mannitol technique. Instead of blotting the roots, he removed the surface film 
by centrifuging at 700 rpm for 1 minute. Since he does not give either the 
centrifuge radius or the root length, only a rough figure can be obtained. 
Assuming the former to be 10 cm., the latter 1 cm., it can be calculated that 
the centrifugal force used would just about balance the capillary force of a 
film 0.02 mm. thick and would therefore not be able to remove it. 

In both Butler’s calculations of the volume occupied by the cell walls, and 
our own calculations of the error due to surface film, the root hairs have been 
ignored. On the other hand, it has been assumed that the entire cross section 
of the root is freely available to diffusion. If the endodermis prevents free dif- 
fusion across it, the calculated cell wall volume available to free diffusion 
would have been overestimated. Fortunately, these two errors work in oppo- 
site directions and therefore tend to cancel each other out. Since Hylmö’s 
roots were free of root hairs, this may be a factor in the low value he obtained. 

On the basis of all the available evidence, it therefore seems safe to con- 
clude that the true A. F. S. in roots is only about 8 per cent and consists, 
essentially, of the space available for diffusion in the cell walls. This means 
that the cytoplasm is not available for free diffusion but is bounded by a 
semi-permeable barrier — according to the classical concept. How does this 
conclusion agree with other work on active absorption? 

It certainly does not mean that salts are unable to enter cytoplasm rapidly. 
Milthorpe and Robertson (1948) found that the increase in respiration of 
barley roots on transfer from water to 0.01M KCl is about 28 per cent. The 
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half time for this maximum value to be reached was 15--30 minutes. Accord- 
ing to Butler (1953 — Figure 1), the first diffusion equilibrium with the 
A. F. S. is reached in about 5 minutes, though in other cases he expressed 
doubt that it was complete in 15 minutes at 0°C. Leggett and Epstein (1956 — 
Figure 1) obtained complete loss of removable S*O, from roots placed in 
stable SO, in about five minutes. The large time difference between the res- 
piratory increase (involving penetration of the cytoplasm) and diffusion into 
the A. F. S. agrees with the above conclusion that the A. F. S. consists of the 
cell wall and does not include the cytoplasm. That there is no lag between 
penetration of the cytoplasm and effect on respiration is indicated by results 
with free mitochondria (Miller and Evans 1956). Salts increased the activity 
of cytochrome oxidase in free mitochondria within 1 minute. 

Further evidence that the absorption mechanism is located at the outer 
plasma membrane and not at the tonoplast as indicated by Hope and Epstein 
is provided by Tanada (1955). The very pronounced effect of Ca on the up- 
take of Rb and phosphate was obtained only when the Ca was present in ihe 
external solution. Neither the normal cytoplasmic Ca, nor that present due to 
pretreatment with Ca had any effect. It might be suggested that the surface 
involved is the tonoplast and not the outer plasma membrane. But it has long 
been known that Ca prevents cytoplasmic swelling due to K or Na (Strugger 
1949) — i.e. it prevents the entry of these ions into the cytoplasm. This can 
obviously be explained only if Ca exerts its effect at the outer surface of the 
cytoplasm and not at the inner surface. 

It should, of course, be realized that the A. F. S. can attain values much 
higher than 8 per cent in some tissues. Scott et al. (1957) have recently found 
that 92 per cent of the total Na in Ulva lactuca is exchangeable for Na?! 
within 10 secs. Since probably 90 per cent of the frond is gelatinous slime, 
this is simply a measure of the A. F. S. in the extraprotoplasmic portion of 
the frond.* 


Summary 


1. On the basis of well-established information on cell permeability, proto- 
plasm is not available for the free diffusion of ions and therefore cannot 
be a component of the A. F. S. 

2. Contrary to Hope and Stevens’ (1952) conclusion, the value they obtain 
for A. F. S. (13 per cent) is essentially equal to Butler’s (1953) calcu- 
lated value for percent of root volume occupied by cell walls (11—12 


per cent). 


* See also Eppley, R. W. and L. R. Blinks, Plant Physiol. 32:63. 1957. 
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Values for A. F. S. obtained by different investigators are inversely related 
to root diameter and corrections for a surface film of 0.02 mm. brings 
them all into agreement. Calculations indicate that a film of this thickness 
is left on the roots. 

It is concluded that the correct value for A. F. S. in roots is about 8 per cent 
because (a) only ?/s of the cell wall (11—12 per cent of the root volume) 
is available to diffusion, and (b) because the experimentally determined 
values when corrected for surface film agree with this. Thus A. F. S. and 
the fraction of the cell wall available for free diffusion are probably 
identical. 
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Investigations of Ion Uptake by Tissue Slices 


I. An improved method of aeration and of determining the 
absorption ratio 
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In the determination of ion accumulation by storage tissue, there are two 
main sources of error, (a) in the method of aeration, (b) in the quantitative 
procedure itself. The problem of adequate aeration, especially where there is 
a tendency for tissue slices to overlap, has evoked some argument (Asprey 
1937, Steward and Harrison 1939, Steward and Berry 1943, and Higinbotham 
and Hanson 1955). Where forced aeration is employed, spraying of the solu- 
tion is sometimes encountered. This would be particularly objectionable when 
working with radioactive solutions. 

It has been shown that changes in solution conductivity may not accurately 
reflect ion uptake from the solution (Steward and Berry 1943, and Epstein 
1955). Radioassay procedures are subject to numerous sources of error, parti- 
cularly when dealing with soft ß-emitters such as Ca® and C!* (Comar et al. 
1951, and Kamen 1951). Chemical analysis of solutions or tissues may be 
limited as to the degree of accuracy (Stiles and Skelding 1940) and in its 
ability to distinguish between non-metabolic and metabolic phases of accu- 
mulation (Overstreet and Jacobson, 1952, and Epstein 1955). Even more 
important is the fact that active absorption (i.e. movement against a gradient) 
is not proved when the total amount of element per gram fresh weight of 
tissue exceeds the ion concentration of the external solution. Since much of 
this remains in the adsorbed form, the actual amount in solution in the cell 
sap (or, if possible, in the protoplasm) must be determined. This was clearly 
realized by the earliest workers in the field (Steward 1932, Hoagland 1936, 
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Figure 1. Apparatus for aerating tissue slices during ion absorption. 


and Steward and Berry 1943), who therefore determined the concentration 
of the ions in the expressed sap. More recent investigators commonly elimi- 
nate this precaution and simply calculate the total ion content of the tissue 
per gram fresh weight. This, of course, yields absorption ratios that are much 
higher than if the actual concentration in the cell sap were used. Even the 
direct determinations on the press-sap may be too high. since some ions may 
be removed from the protoplasm and cell wall on expressing from the tissue. 

In the present investigation, error (a) has been eliminated by alternately 
submerging and removing tissue slices from the solution containing the radio- 
active ion being studied (Figure 1). This method produces a continuous mix- 
ing of the solution, prevents spraying, and permits complete aeration of the 
tissue. At the same time, the slices are in continuous contact with at least a 
thin layer of solution. Error (b) is eliminated or at least reduced, by includ- 
ing a prewashing or exchange period in order to allow non-radioactive ions 
to replace the surface adsorbed radioactive ions at least in the cell wall, before 


expressing the sap, following procedures outlined by Epstein and Leggett 
(1954) and Tanada (1955). 


Materials and Methods 


Potatoes (Russet) and carrots (undetermined variety) were obtained in large lots 
from a local supplier and stored at 2°C until required. Radioisotopes were procured 
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from the Oak Ridge National Laboratories. Calcium‘ was obtained in 4 me units as 
Ca®Cl, and Rubidium® in 20 me units as Rb®*Cl. The treatment of the carrot tissue 
was identical with that of the potato, except that the potato was initially peeled, the 
carrot was simply brushed vigorously with a plastic scouring pad to remove extra- 
neous surface material. Otherwise, the following description of the potato also applies 
to the carrot. Only three typical experiments are given, though many others have been 
performed with similar results. 


a) Experiments I and II 


The potatoes were peeled and a hole was cut through the length of the tuber with 
a no. 2 cork borer. 2 mm slices were cut by means of a cabbage slicer so that the 
slices had a hole approximately through their centers. The slices were then washed 
for 48 hours in running tap water, blotted dry, and weighed. The slices were then 
strung on a glass rod attached to the armature of a Bodine gear-reduction motor by 
means of a metal sleeve (Figure 1). When necessary, the slices were placed on the rod 
alternately with plastic disks to insure complete separation. Under each rod was 
placed a pyrex baking dish containing the labelled solution. On starting the motors, 
the rods rotated at a rate of 9.3 rpm causing the slices to be completely sub- 
merged and lifting them free of the solution once every 6.45 seconds. The solution 
temperature was kept constant by situating the pyrex dishes in a stainless steel tray 
containing circulating tap water. The solution containing the labelled ion was pre- 
pared to a total volume of 1700 ml. The pH was 5.9. 

Total uptake was determined by measuring the loss of radioactivity from the solu- 
tion. Before immersion of the slices and subsequently at known intervals, duplicate 
1 ml. samples of the external solution were transferred to pyrex counting dishes. 
On termination of the experiment, the final volume of the solution was measured in 
order to correct for loss due to evaporation. 

The concentration of the labelled ion in the cell sap was determined in the follow- 
ing manner: slices were removed from the glass rod, blotted dry, and placed in 
liquid air. The slices were allowed to thaw and the juice was then expressed in a 
steel press. The juice was centrifuged at low speed to remove any starch present and 
duplicate 1 ml. samples removed to pyrex counting dishes. 

All solution samples were allowed to evaporate to dryness in a hood without exter- 
nal heat being applied. When Ca* was the ion under study, it was found that by 
wet-ashing the juice in the counting dishes, self-absorption was reduced by only 4—7 
per cent. Consequently, ashing was not considered essential. All samples were counted 
with a thin-mica-window G. M. counter. 


b) Experiment III 
The potato slices were prewashed (while being rotated) in six changes of distilled 
water for 48 hours and then transferred to the solution of radioisotope. Uptake was 
determined as described above. After 24 and 48 hours, a predetermined weight of 
tissue (50 gm) was removed from each rod, separated into two equal portions, and 
placed in beakers of distilled water surrounded by an ice bath. One portion was re- 
moved, blotted dry, frozen, and the juice expressed (Sap I) as above. The second 
portion was placed in three successive 15 minute rinses of stable CaCl, (100X the 
concentration of the original solution), rinsed once more in distilled water, and the 
juice obtained (Sap II) as above. All of the rinses were maintained in an ice bath. 
The pressed tissue remaining was allowed to reimbibe distilled water and was re- 
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pressed three successive times. After the third pressing, the tissue was placed in a 
beaker and allowed to reimbibe stable CaCl, (100X the concentration of the original 
solution) for 15 minutes after which time the excess solution was decanted and the 
tissue pressed once more (Residue Extract or Fraction III). 


Results 
a) Without removal of absorbed ions 


The uptake of Ca by two duplicate sets of potato slices in Exp. I is repre- 
sented in Figure 2. Uptake is determined by the loss of radioactivity from the 
solution and is expressed in counts per minute per gram fresh weight of tis- 
sue. Correction has been made for evaporation as noted previously. Sap was 
obtained from the potatoes following the 24 hour exposure period. The ratios 
of radioactivity of the tissue to that of the external solution and of the sap to 
that of the external solution are represented in Table 1. In these calculations 
the actual counts obtained from the solution ere used, no correction being 
made for evaporation. 

Uptake of Rb®® by duplicate 100 gram sets of carrot slices is represented by 
Figure 3. In this experiment a predetermined number of slices equal to 50 gm. 
fresh weight was removed from each set at the end of 24 hours. The remain- 
ing slices continued to rotate in the solution for 24 more hours, at which time 
the experiment was stopped. The activity ratios — tissue: external solution 
and sap: external solution for 24 and 48 hours — are listed in Table 1. The 
ratios, sap: solution for the 48 hour period, are necessarily low due to the 
fact that removal of half the slices after 24 hours reduces the amount of RbS6 
lost from the solution in the second part of the experiment. 


b) With removal of adsorbed ions 


The results of Ca‘ uptake by potato tissue in Experiment III are shown in 
Figure 4 and listed in Table 2. The sap: solution accumulation ratios for 


Table 1. Comparison of Calculated Accumulation Ratios (Experiments I and II) at the end 
of 24 hours and 48 hours based on (a) Total uptake /gfw and (b) Direct measurements 
on expressed sap. 


TE 


a cts./min. - gfw cts./min.- ml. sap 
adioactive | pi scue| Set | Soln. conc. |  cts./min.- ml. soln. cts./min. + ml. soln. 
ion (eq./ml.) 
24 hour | 48 hour 24 hour 48 hour 
Cats Potato 1 1.116 8.02 — 2.60 — 
2 1.116 9.76 — 3.06 = 
Rb$6 Carrot 1 .025 | 7.01 11.42 5.18 8.02 
2 .025 5.40 8.08 3.94 5.24 
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Figure 2. Uptake of Ca by potato slices as measured by loss of activity from external 
solution (Experiment I). Total calcium concentration 1.116 weq/ml, pH 5.9, 


UPTAKE Rb&S 
UEg/GFW 


temperature 21°C. 


HOURS 


Figure 3. Uptake of Rb®* by carrot slices as measured by loss of activity from external 


solution (Experiment II). Total rubidium concentration .025 ueq/ml, pH 5.9, 


temperature 22°C. 


Table 2. Comparison of accumulation ratios by potato with and without the removal of 
adsorbed ions. Sap I obtained without preliminary exchange, Sap II on duplicate lot fol- 
lowing exchange with stable Ca. Residue activity expressed per unit sap. 


0 


cts./min. - g.f.w. Ces: LInLsap 
FE - cts./min. - ml. soln. | 
cts./min.- ml. soln. = his a SR ENS en = 
Set 24 hours ei 45 hours © 
Sap | Sap |Residue Extract| Sap | Sap | Residue Extract 
we | REN I Il II Lula 11 
1 5.80 | 7.47 1.94 1.06 0.50 | 1.93” 1.59 | 0.76 
2 6.34 | 7.58 1.84 | 0.92 0.49 | 1.64 | 1.49 | 0.90 
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Figure 4. Uptake of Ca* by potato slices as measured by loss of activity from external 
solution (Experiment III). Total calcium concentration 0.544 weq/ml, pH 5,9, 
temperature 19.5°C. 


Sap I were determined by essentially the same method as in Experiments I 
and II. The ratios for Sap II were determined following removal of the ex- 
changeable Ca® ions from the tissue slices. The Residue Extract or Fraction 
III represents radiocalcium remaining adsorbed on the residue during the 
squeezing process but removed by the second stable CaCl, rinse. 


Discussion 


The method used in Experiment III represents an attempt to get a more 
accurate determination of ions actively accumulated by the cytoplasm and 
vacuole. Since different tissues or solutions were used in each of the three 
experiments, no strict comparisions between them can be made. However, 
certain consistencies might be pointed out. In each case total ion uptake 
appears to follow a typical two-phase time course. In each case the sap con- 
centrations were found to be considerably less than the total tissue uptake 
would indicate. 

First, it must be decided which part of the living cell loses Ca ions to the 
stable Ca solution previous to expressing the sap. It has already been shown 
from an analysis of all the published results that the A. F. S. is in the cell wall 
and not the protoplasm (Levitt — 1957). In other words, the stable Ca wash 
removes Ca® ions only from the walls and not from the cytoplasm. Further 
evidence of this is the fact that after the tissues are killed. the same ions of 
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Table 3. Fraction of total Ca adsorbed on cell wall that is removed by expressed sap 
(Experiment III). 
a neu nn Dan et NN LE Et 


Fraction Set 24 hours 48 hours 
Total counts removable from cell wall .. 1 137.000 160.000 
Counts removed by expressed Sap I .... 79.800 29.600 
Total counts removable from cell wall .. 2 131.900 137.300 
Counts removed by expressed Sap I .... 85.100 14.400 


stable Ca that were unable to remove any more radiocalcium from the living 
tissues are now able to remove large quantities from the residue, even after 
thoroughly washing out all the sap. This can only be explained if the proto- 
plasm was not penetrated by the stable Ca when the tissues were alive. 
Furthermore, the amount of Ca held by the residue and removable by stable 
Ca increases by 50—100 per cent during the second 24 hour period (Table 2). 


On the other hand, the total amount removed from the live tissues, — i.e. 
from the cell wall, — by stable Ca is the same after 48 hours as after 24 hours 
(Table 3). 


According to Experiment III (comparing the ratios obtained with Sap I and 
Sap II), even the results with press sap map yield too high absorption ratios 
when determined by the procedures followed in Experiments I and II. But it 
may still be questionable which procedure yields a more accurate picture of 
the real concentration of radioactive ions in the cell sap. One objection to the 
first method was mentioned above, i.e. that the value for the press sap may 
be too high due to stable ions of the cell sap (on passage through the tissues) 
exchanging for radioactive ions adsorbed on the cell wall and protoplasm. 
The opposite objection might be raised against the second method, i.e. that 
the values for the sap concentration might be too low due to loss of radio- 
active ions of the sap through exchange for stable ions on the cell wall and 
protoplasm. 

The question is, which objection is valid? From the theory of mass action 
one would expect the first objection to hold but not the second. In other 
words, the high ratio of total stable ion concentration: radioactive ion con- 
centration in the cell sap would favor removal of radioactive ions from the 
cell wall by stable ions from the cell sap but not the reverse. Therefore, one 
would expect the second method to give a closer approximation of the true 
value of the cell sap. This would mean that the difference between Sap I and 
Sap II is due to removal of Ca from the cell wall on squeezing the sap 
through the tissue. This error may completely obliterate a true absorption 
during the later periods, as shown in Table 2. Sap I showed no increase in 
activity during the second 24 hour period as compared with the first 24 hour 
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period. Yet Sap II showed a very marked increase. This can be explained as 
follows: after 24 hours, Sap I included 60—65 per cent of the Ca that had 
been adsorbed on the cell wall (Table 3). After 48 hours, it included only 
10—15 per cent. This is to be expected from the fact that the ratio of total 
stable ions to Ca ions in the vacuole after 24 hours is 50—100 per cent higher 
than after 48 hours. Consequently, on being pressed through the cell walls, 
it would pick off a larger fraction of the Ca® ions after 24 hours than after 
48 hours. In other words, the error decreases with time and this decrease 
counteracts the true increase in the vacuole. This is another source of error 
that leads to the adoption of Sap II instead of Sap I as a measure of absorp- 
tion by the vacuole. 

A possible error still exists in both methods due to the protoplasm. One 
might consider Ca* as being distributed in the cell as follows: (1) in solution 
in the cell sap, (2) in solution in the protoplasm, (3) adsorbed en or combined 
with the protoplasm, and (4) adsorbed on the cell wall. What, then, is the 
interpretation of fractions I, IL, and III? Sap I must contain all of (1) and (2) 
plus some of (3) and (4). Sap II contains all the above except (4). The residue 
contains part of (3). Therefore, Sap II comes closer to the true value for the 
vacuole than does Sap I. (2) is probably negligible since, on a volume basis, 
it contains 1/10 or less the quantity of the cell sap. However, (3) is definitely 
significant, judging by the high activity in the residue, and it actually in- 
creases during the second 24 hour period. Therefore, even Sap II may yield 
too high a value for the vacuole sap, though approaching it better than Sap I. 

It is felt that the procedures outlined above tend to eliminate, or at least 
reduce, some of the sources of error mentioned earlier in this work. Some 
further advantages of this method became apparent during the course of 
other investigations. It was found that once the tissue slices were weighed and 
strung on glass rods, numerous variations in the experimental procedure could 
be made with a minimum of manipulation. Metabolic inhibitors are easily 
introduced either during the prewashing period or concurrently with the 
labelled ion. Solution samples can be removed without interruption of the 
uptake process. These advantages will be illustrated in a later paper. 


Summary 


1. Slices were aerated during ion uptake by rotating them continuously into 
and out of the solution instead of forcing air through the solution. 


2. Absorption ratios greater than 1 prove that the process is active only if the 


actual ion concentration in the cell solution is determined. An improved 
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method of obtaining this value involves replacement of surface adsorbed 
radioactive ions by stable ions before expressing the Sap. 

The surface adsorbed ions so removed come only from the cell walls, for 
after killing the tissue and expressing all the sap, the presumably proto- 
plasmic residue can then yield considerable quantities of the radioactive 
ion to the same solution of stable ion. 
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It seems well established that adenosinetriphosphatase activity becomes 
evident in animal mitochondria when their structural integrity is lost (7, 16), 
as a result of aging mitochondrial suspensions or of treatments with reagents 
such as Ca?* and dinitrophenol (5, 9). While ATP-ase ! activity is “latent” 
(16) in fresh, not damaged mitochondria, it is evidentiated by some of the 
factors which cause the loss of phosphorylative ability. The ATP-ase of rat 
liver mitochondria carries on the cleavage of only the terminal phosphate 
group of the ATP, and the splitting of the second high energy-bond phosphate 
group is the result of the combined activity of adenylate kinase (7, 16). 

Little is known on the ATP-ase activity of higher plant mitochondria, and 
no evidence has been as yet provided about the validity of the above findings 
for this material. The present work is intended to elucidate some conditions 
in which ATP-ase activity is found in pea mitochondria, and some properties 
of this enzymatic process. According to Potter’s suggestion (16), the term 
“ATP-ase activity” is employed in the present paper to indicate the release of 
inorganic phosphate from ATP, and does not necessarily implicate the exist- 
ence, in the intact mitochondrion, of a specific ATP-ase. 


Material and Methods 


Mitochondria have been prepared essentially according to Laties (10), from the 
apical part of the distal internodes of etiolated pea seedlings (Pisum sativum, var. 


! The following abbreviations will be used: ATP-ase, adenosinetriphosphatase; ATP, 
ADP adenosinetriphosphate, adenosinediphosphate; DNP, 2—4 dinitrophenol; PCA, per- 
chloric acid; EDTA, ethylenediaminetetracetate disodium salt; TRIS, trihydroxymethyla- 
minomethane; DPN, diphosphopyridinenucleotide; DHA, dehydroascorbic acid. 
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Alaska), cultured at 25°C, in a thermoregulated darkroom. The material, washed 
with distilled water, was kept for a short time at 0°C, then ground in a mortar with 
4 volumes of ice-cold 0.45 M sucrose. From this step, all operations have been 
performed at 0°C, with prechilled apparatus. After filtration through cheesecloth, 
the extract was centrifuged 10 min. at 1000xg, the super-natant separated, then centri- 
fuged 20 min. at 20,000xg. The super-natant from this centrifugation was discarded, 
the precipitated mitochondria resuspended in 0.45 M sucrose, and again centrifuged 
20 min. at 20,000xg. The mitochondria, separated from the super-natant, were 
finally suspended in 0.45 M sucrose, and used as enzyme suspension. 

ATP-ase activity was measured by determining the release of inorganic phosphate 
in a reaction medium containing ATP, mitochondrial suspension and other addition 
as indicated in the single experiments. The reaction was stopped by addition of PCA, 
to make a final concentration of 5 per cent, the precipitated material centrifuged 
off, and inorganic phosphate was determined in an aliquot of the clear supernatant 
solution by the method of Briggs (2), in the conditions proposed by Zambotti (19), 
and adapted for a final volume of 9 milliliters. In each experiment, all the data were 
obtained from duplicate samples whose values always agreed within 5 per cent; the 
values of phosphate split from ATP were obtained by subtracting the phosphate con- 
tent of a zero minute reaction time sample. The protein nitrogen was determined by 
the micro-Kjeldhal method, by use of a microdistillation apparatus. 


Results 


Some observations made in this laboratory suggested that a large amount 
of ATP should be hydrolyzed when added to suspensions of plant mitochon- 
dria containing phosphate buffer, at pH values ranging from 7.0 to 7.5. 
According to the evidence provided by work on rat liver mitochondria, phos- 
phate must be considered a powerful “aging” agent; Hunter and Ford (6) 
found that preincubation of liver mitochondria with phosphate results in the 
loss of the phosphorylative activity coupled with the succinate oxidation 
system, and the loss of both oxidative and phosphorylative activities of DPN- 
linked systems. In a preliminary experiment, the action of phosphate on ATP 
hydrolysis by pea mitochondria has been tested. From the data, summarized 
in table 1, it is evident that no ATP-ase activity could be detected in freshly 
prepared mitochondria incubated in tris buffer, pH 7.3, nor in the samples 
without any buffer, while the incubation in phosphate buffer, at the same pH, 
as low as 0.004 M brought into full evidence the ATP-ase activity. 

The effect of phosphate and ATP concentration. — The concentration of 
phosphate effective in stimulating ATP-ase activity, in the conditions here 
described, is much lower than the one effective in lowering oxidative and 
phosphorylative activity of rat liver mitochondria, as reported by Hunter and 
Ford (6), in whose experiments no effect could be observed with phosphate 
concentrations of 10-3 M and 5X10-?M, while 0.01 M to 0.02 M phosphate 
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Table 1. Reaction mixture contained: ATP, 4 umoles; MgSO4 4 umoles; sucrose 0.45 M; 
where added, Tris 20 umoles, pH 7.3; phosphate buffer pH 7.3, 8 umoles. Mitochondrial 
suspension, containing 0.130 mg of protein N. Final volume, 2 ml. The values for inorganic 
phosphate released are corrected, in this and in the other tables, for the small phosphate 
content of the mitochondria. Incubation at 20°C; reaction time, 8 minutes. 


0 


| Additions to incubation Phosphate released, | 
| medium micrograms 
NO Etc 3.0 | 
En CSST A EE 0.9 | 
Phosphatees see eee 38.0 
; “triste torr ecr 38.6 


suppressed phosphorylations, and reduced to very small values oxidative 
activity of DPN-linked systems. In the conditions here referred, the structural 
integrity of plant mitochondria, as tested by mean of ATP-ase activity, seems 
to be more sensitive to phosphate action, as proved by the fact that a con- 
centration of phosphate as low as 10% M is able to induce a strong ATP-ase 
activity (Table 2). 


Table 2. Effect of phosphate concentration on ATP-ase activity. In experiment 1, mito- 
chondria were prepared in sucrose 0.45 M containing 6X10—*M Mn Cl: Reaction medium 
contained: in experiment 1, ATP 0.002 M; MgSO, 0.003 M; KCI 0.005 M; MnCls 3x 10-4 M; 
sucrose 0.4 M, and mitochondrial suspension corresponding to 1.3 grams of fresh weight. 
Reaction time: 10 min. at 20°C. Final volume: 2 ml. — In experiment 2: ATP 1.2x10-3M; 
KCl 0.005 M; MgSO, 0.003 M; tris buffer pH 7.3, 0.02 M; sucrose 0.42 M and mitochondrial 
suspension corresponding to 0.4 grams of fresh weight. Reaction time: 7 min. at 25°C; final 
volume 1 ml. — In experiment 3: ATP 8.7x10-?M, other additions as in experiment 2. 
Reaction time, 7 min. at 25°C. Final volume 1 ml. 


Experiment | Phosphate concentra- | Phosphate split from 
number tion in the medium M ATP, micrograms | 
| 
1 0 | 1.5 
10-5 | 1.2 
10=% | 2 
10-3 25.9 
4 X 10-3 | 146.2 
2 0 3.9 
| 10-4 4.9 
| 3X 10-4 8.6 
103 | 23.4 
3 0 0.7 
| 10-3 | 28.8 
| 2 X 10—53 | 33.2 
4X 103 30.8 
10-2 52.0 | 
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Table 3. Action of ATP and phosphate concentration on ATP-ase activity. The reaction mix- 

ture contained: 0.003 M MgSO;; 0.005 M KCI; 0.45 M sucrose and mitochondrial suspension 

containing, in expt. 1, 0.070 mgs of protein nitrogen. In expt. 2; tris buffer 0.02 M, pH 7.3 

was added to the same reaction medium, and mitochondria were from 0.4 grams of tissue. 
Final volume, 1 ml. Reaction time: 7 min., at 25°C. 


Experiment Phosphate concentra- ATP concentration, Phosphate split 
number tion, Molarity molarity micrograms 
1 10-3 10-4 Lat 

3px 10> 14.7 

10-3 41.1 

310 3.8 

10-2 8.7 

2 10-3 10—4 5.3 
3 X 10-4 13.6 

10—3 29.5 

C0 7.4 

10-2 | 18.0 

3X 10-3 3 X 10-4 14.4 
10-3 32.8 

3x10=3 20.3 

10-2 15.0 


The data in table 2 show that the ATP-ase activity increases with the in- 
crease of phosphate concentration in the reaction medium. From experiments 
1 and 2 ATP-ase activity appears proportional to phosphate concentration 
within the range of 10”? M to 10”? M phosphate, ATP concentration being 
10? M but in experiment 3 such a proportionality can not be demonstrated. 
It must be noted that with a phosphate concentration of 10? M, the labile 
phosphate (high energy phosphate) of nearly all the ATP added is split off, 
so that no deduction can be made on the potential ATP-ase activity in these 
conditions. 

It was of interest to investigate the influence of AT Pc concentration on ATP- 
ase activity, to elucidate the possible dual röle of ATP as a substrate for ATP- 
ase and as a factor protecting the mitochondria (4, 6, 18). Some experiments 
have been carried on in which the phosphate concentration was 10°? M while 
ATP concentration was varied. The results (table 3) indicate that the ATP-ase 
activity increases with ATP concentration for values of ATP ranging from 
10-4 M to 10% M, and that it falls down sharply when ATP concentration is 
three times higher than the one of phosphate; however, with 10°? M ATP, 
ATP-ase activity was slightly higher than with 3X 10”? M, but still markedly 
lower than with 10-2? M ATP. In experiment 2, table 3, it is seen that with 
higher phosphate concentration, the maximal ATP-ase activity still corre- 
sponds to an ATP concentration value of 10”? M, but the decrease of activity 
with higher ATP concentrations is relatively slight, as compared with the 
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Figure 1. Activity of mitochondrial ATP-ase as a function of time. Reaction mixture con- 
tained: Sucrose 0.42 M, Tris, pH 7.3 0.02 M; phosphate buffer, pH 7.3, 0.001 M; MgSO4 
0.003 M; KCl 0.005 M; ATP 0.001 M. Mitochondria from 0.4 grams of fresh weight. 


sharp decrease shown with phosphate concentration of 10°? M. It seems evi- 
dent that ATP protects the mitochondrial structure against some kind of 
damage revealed by the enhanced ATP-ase activity, and that phosphate plays, 
in some way, the opposite rôle. The resulting picture is that a raise of ATP 
concentration until a critical value, in the presence of phosphate, increases the 
ATP-ase activity of mitochondria, evidently as a consequence of increased 
substrate concentration; while a further increase of ATP concentration above 
this critical value, depresses the ATP-ase activity as a consequence of the 
protecting action of ATP on the mitochondrial structure. 

Characteristies of mitochondrial ATP-ase activity. — The data reported 
above do not throw any light on the type of reaction or reactions involved in 
the release of phosphate from ATP added to michondrial suspensions, so that 
different hypothesis could be advanced. The splitting of ATP could be due to 
an ATP-ase, as is the case for rat liver mitochondria (7, 16), and the splitting 
of the second labile phosphate group of the ATP molecule, which has been 
ascertained in some of the experiment here reported (tables 2 and 3), could 
in this case be performed through the combined activity of adenylate kinase, 
which is known to be present in higher plants mitochondria (15). 

The products of ATP cleavage could also be inorganic pyrophosphate and 
adenylic acid, and the increase of orthophosphate could then result from the 
activity of an inorganic pyrophosphatase. Finally, labile phosphate groups 
could be split off one after the other; in this case, also ADP should be split by 
pea mitochondria with release of phosphate. 

Some experiments intended to elucidate these questions have been carried 
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Table 4. Reaction mixture contained: MgSO, 0.003 M; KCl 0.005 M; phosphate buffer, pH 
7.3, 0.001 M; sucrose 0.45 M. ATP, when added, 0.001 M: pyrophosphate 0.002 M. Final 
volume: 1 ml. Incubation for 7 minutes, at 24°C. 
ee ee nn en nnd ee ui, TN EEE 


Phosphat 1 d, mi 
nee | osphate released, micrograms 


| Fresh mitochondria | Aged mitochondria 


SERRE sue 


.3 | 19.0 
Pyrophosphate A 


| 0.8 


on with ATP and phosphate both at concentration 10-3 M, by incubating the 
mitochondria for 7 or 8 minutes at 23°C or 25°C. In these conditions and for 
the reaction time indicated the ATP-ase activity is linear, as can be seen in 
Figure 1. 

The data in table 4 show that pea mitochondria do not split inorganic pyro- 
phosphate, so that it can be excluded that the release of phosphate from ATP 
involves the production of adenylic acid and inorganic pyrophosphate. No 
pyrophosphatase activity was detected either in fresh mitochondria, or in 
mitochondria aged for 4h. 30 min. in sucrose 0.45 M containing phosphate 
buffer 0.02 M, at pH 7.3, then centrifuged down and resuspended in 0.45 M 
sucrose. 

The possibility that also ADP could be hydrolyzed by pea mitochondria has 
been investigated, and evidence has been obtained that ADP is not hydrolyzed 
when added to mitochondrial suspensions (table 5). On the other hand, 
table 5 shows that ADP is a powerful inhibitor of ATP-ase activity when 
supplied together with ATP, in full agreement with what had been found for 
rat liver mitochondria (16), and for solubilized mitochondrial ATP-ase (8). 

Effect of aging in different conditions. — The depressing effect of phos- 
phate on oxidative and phosphorylative activities of mitochondria has been 
ascribed to its disorganizing action on mitochondrial structure, one of the 
consequences of which is the loss of bound DPN (3, 4, 6, 13). This loss has 


Table 5. Action of ADP on mitochondrial ATP-ase activity. Incubation medium: MgSO, 

0.003 M; KCl 0.005 M; phosphate buffer, pH 7.3, 0.001 M; Tris 0.02 M; sucrose 0.42 M. Mito- 

chondrial suspension from 0.35 grams of fresh weight. Final volume: 1 ml. Incubation for 
8 minutes at 25°C. 


| Additions to the reaction Phosphate released 


medium M micrograms 
APIS On ee: 7.5 
NDE SSO ee ae 0.55 
ATP 5X10—4, ADP5 x 10-4 1.3 
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Table 6. Effect of aging mitochondria with different treatments on ATP-ase activity. Mito- 
chondria were prepared as usually in sucrose 0.45 M; in experiment 1, the mitochondria 
were centrifuged down from an aliquot of the final suspension, resuspended in distilled 
water and aged. This suspension was employed for the test of ATP-ase activity. To another 
aliquot of the final suspension MnClz was added to a final concentration of 6X10—4M. 
A third aliquot was aged in sucrose alone. Aging was carried on for 3h. at 20°C. The reac- 
tion mixture contained 1.2 umoles of ATP, 9 umoles of MgSO4, 5 umoles of KCl, phosphate 
buffer, pH 7.3, 0.001 M, Tris buffer, pH 7.3, 0.02 M and sucrose to a final concentration of 
0.45 M. Mitochondria were from 1.0 gram of fresh tissue. Final volume, 1 ml. Incubation for 
8 min. at 23°C. — In experiment 2, the reaction mixture was the same as in expt. 1, except 
for the omission of phosphate where indicated. Mitochondria from 0.35 grams of fresh 
weight. Aging was lasted for 4h. 30 min. at 24°C, and after this period mitochondria were 
centrifuged down, washed and resuspended in sucrose 0.45 M. 
Incubation for 8 min. at 23°C. 


| a Phosphate released, micrograms 
Experiment : : in the 
number Aging Men reaction Fresh Aged 
medium mitochondria mitochondria 
1 Sucrose alone™............ SE 34.8 49.6 
Sucrose+MnCla 6x 10-?M + | — 52.3 
PaO ET Bees, rabat ee ar | — 54.0 
2 + + Ver ee goes 2 
SUCKOSEHERT TRE re er = | =< 0.0 
eel Cees Arrest at — 20.2 
Sucrose+phosphate 10—? M = — 0.0 
Sucrose+phosphate 10—? M = — 19.1 


been interpreted by Lindberg and Ernster (13) as a result of the loss of mito- 
chondrial ATP. These authors have been able to reconstruct the structure of 
rat liver mitochondria, damaged by different treatments, by supplying them 
with ATP and Mn** (4, 13), the latter being a cofactor of oxidative phos- 
phorylation, whose röle could be to bind the ATP to proteins (13). It was of 
interest to investigate whether the stimulating effect of phosphate on ATP- 
ase activity requires the actual presence of phosphate in the reaction medium. 
For that purpose, an experiment was made in which mitochondria were aged 
for 4h. 30 min. with or without added phosphate, then washed and tested for 
ATP-ase activity, after having been suspended in a reaction medium contain- 
ing or not phosphate. The data in table 6, experiment 2, show that no reac- 
tion occurs if phosphate is not present in the reaction medium, even if mito- 
chondria have been aged in the presence of 10”? M phosphate. From the same 
experiment, as well as from experiment 1, it seems clear that aging, with or 
without phosphate, greatly enhances ATP-ase activity. No protection seems 
to be given by manganese, added at concentration 6X 10? M. 

Effect of Ca?*, DNP and DHA on ATP-ase activity. — Agents such as DNP 
and Ca?*, which are able to uncouple oxidation from phosphorylation, though 
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Table 7. The action of Ca®+, DNP and DHA on ATP-ase activity. In experiment 1, the mito- 
chondria suspended in 0.45 M sucrose were preincubated for 10 minutes at 24°C with Ca2+ 
and DNP as indicated: ATP was then added and the reaction was allowed to proceed for 
7 min. at 24°C. Reaction medium as in table 6. Mitochondria from 0.35 gms. of fresh weight; 
other additions as indicated. In experiment 2, the mitochondria from 0.4 gms. fresh weight 
were incubated for 6 min. at 25°C. in a medium containing Tris, pH 7.3, 0.02M; MgSO, 
0.003 M; KCl 0.005 M; sucrose 0.42 M and other additions as indicated, before the addition 
of ATP to a final concentration of 0.001 M; final volume, 1 mi. The reaction was then 
allowed to proceed for 8 minutes. 


EEE ——————————————————<—— 


ment Additions to the reaction medium M Phosphate released micrograms 

| 1 NOTE 156.6 eta ee mn cet ee 7.3 

| CAC TO OO Trp ss RE nr eee cnc: 38.7 

| DINPES GLOS ee ee 13.0 

| 

| 2 NOMME Unies Oni eur 113 
CACINO TOO IE RE Re ne, 19.3 
DINDESIZUO IN SRE Ne ee 1:12 
DEA OO Os bares ee 34.5 
CaCl: 0.001+ phosphate 0.001 ............ 40.6 
DNP 3X10—5+phosphate 0.001 .......... 41.6 
DHA 0.001+phosphate 0.001 ............ 40.2 
Ehosphate20.00 1 ER Re cr ren. 38.6 


through mechanisms probably quite different (11), could be expected to have 
an effect on ATP-ase activity of plant mitochondria similar to the one 
demonstrated for DNP on rat liver mitochondria (5, 9). Actually it seems 
evident that both Ca?* and DNP stimulate ATP-ase activity to a very great 
extent, and that the effect of 10-3 M Ca?* is much stronger than that of 
3X10-5 DNP (table 7, experiment 1), in the presence of phosphate at a con- 
centration of 0.001 M. As it seems probable that the effect of these agents on 
ATP-ase activity is a consequence of their capacity to disorganize the mito- 
chondrial structure, it seemed of interest to investigate whether it was in- 
dependent from the action of phosphate. The data of experiment 2, table 7, 
indicate that Ca?* and DNP do not require the addition of phosphate to 
stimulate ATP-ase activity. DHA, which has been found in a previous work 
to be an inhibitor of oxidative and phosphorylative activities of rat liver mito- 
chondria (14), and to lower the P/O ratio, has a powerful stimulating effect 
on mitochondrial ATP-ase activity (table 7, expt. 2). 

Inhibitors of mitochondrial AT P-ase activity. — It has been shown that 
ADP inhibits the ATP-ase activity of pea mitochondria. The possibility has 
been studied to inhibit ATP-ase activity by protecting mitochondria through 
the addition of EDTA to the medium in which the tissues are grounded. This 
reagent has been found by Lieberman and Biale to protect the oxidative 
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Table 8. Inhibitors of mitochondrial ATP-ase. Reaction mixture contained: MgSO4 0.003 M; 

KCI 0.005 M; Tris, pH 7.3, 0.02 M; sucrose 0.42 M; Phosphate buffer, pH 7.3, 0.001 M; ATP 

0.001 M: mitochondria from 0.4 gms. of fresh weight; final volume: 1 ml. EDTA was 
brought to pH 7.3 with KOH. Incubation for 7 min. at 25°C. 


i sph | 
Experiment Inhibitor Reg S/o 
number | M microerams | Inhibition 
| 

1 NONE ee: 25.9 - 

Na 0:01 15.0 42 

2 INONCH see ee 23.9 — 
Nar 0.01 Fer 15.0 37.3 
BeCl2 0.001 .... 10.6 65.7 
5 LO: 0035 54 0.6 97.5 

0.009227. 0.0 100 

0:0: 0.0 100 

| 0:02 Soa 0.0 100 

| Sol QaName sheen ee teem ee > 
ÉDTANOI0 ER" 7.5 68.8 


activity of cauliflower mitochondria (12), and Slater and Cleland (18) inter- 
prete the protection afforded by EDTA on oxidative and phosphorylative 
activities of mitochondria as due to its chelating properties towards metallic 
ions, as Ca?*, capable of damaging the mitochondrial structure. In the mito- 
chondrial preparations obtained as here described, no effect could be observed 
on ATP-ase activity on additon of EDTA in the grinding medium followed by 
washing and resuspending mitochondria with sucrose alone. However, the 
data obtained show clearly that EDTA added to the reaction medium at a 
final concentration of 0.01 M strongly inhibits ATP-ase activity of mitochon- 
dria (table 8, experiment 3). 

The action of other inhibitors, as fluoride and Be?*, has been tested; Be?* 
has been found much more active then F~ (table 8). 


Discussion 


From the data obtained, a striking identity of behaviour appears between 
pea mitochondria and rat liver mitochondria. The ATP-ase activity of pea 
mitochondria is evidentiated by Ca?* and by DNP, as happens in rat liver 
mitochondria (5, 7, 9, 16), and it is stimulated by the factors known to sup- 
press or to reduce the oxidative and the phosphorylative capacities of animal 
mitochondria, such as preincubation with phosphate (6) and treatment with 
DHA (14). It seems appropriate to notice that in some of the mitochondrial 
preparations used in these experiments a marked “swelling” of mitochondria 
Physiol. Plant., 10, 1957 


ADENOSINETRIPHOSPHATASE ACTIVITY OF PEA MITOCHONDRIA 907 


has been observed as a consequence of incubation with phosphate and with 
Ca?*, as has been found in animal mitochondria (11). This swelling has been 
measured as a decrease of optical density at 510 mu of the mitochondrial 
suspension (1). 

On the other hand, all agents known to protect the mitochondrial structure 
and to stabilize oxidative and phosphorylative capacity of mitochondria have 
been found to inhibit mitochondrial ATP-ase. This is the case of ATP itself. 
whose röle seems at the same time that of substrate of ATP-ase, and that of 
an agent protecting mitochondrial structures (as found in rat liver mitochon- 
dria, (4, 6, 13); actually it has been found that raising ATP concentration 
over a critical value results in a more or less sharp (depending on concentra- 
tion of phosphate simultaneously present) decrease of ATP-ase activity. 
Strong inhibition of ATP-ase is obtained with ADP, as is the case in rat liver 
mitochondria (1, 2, 11), and with EDTA, a reagent known to stabilize oxida- 
tive and phosphorylative activities in animal (17) and plant mitochondria 
(12). It seems evident that ATP-ase activity of pea mitochondria appears 
under conditions which promote the desorganization of the structural inte- 
grity of mitochondria, while in intact mitochondria such an activity is not 
observed. The experiments here referred indicate that only the third phos- 
phate group of the ATP is split by mitochondrial ATP-ase. and that the split- 
ting of the second phosphate group might be the result of simultaneous adeny- 
late kinase activity: this fact proves once again the simililarity of behaviour 
of pea mitochondria and rat liver mitochondria (7. 16). 


Summary 


ATP-ase activity of mitochondrial preparations from etiolated pea inter- 
nodes have been studied. A marked ATP-ase activity is evidentiated in this 
material by any treatment known to damage the structural integrity and the 
oxidative and phosphorylative activities of mitochondria. It has been found 
that phosphate, Ca?*, DNP, and DHA are effective in stimulating the raise of 
ATP-ase activity. The same effects are found by aging mitochondria for 
several hours. Only the terminal phosphate group of ATP is split by mito- 
chondria, and the release of the second phosphate group, ascertained by some 
of the experiments described, can be the result of combined ATP-ase and 
adenylate kinase activities, as is the case in ret liver mitochondria. No in- 
organic pyrophosphatase activity is present, so that it can be excluded that 
the release of phosphate from ATP involves the liberation of inorganic pyro- 
phosphate, followed by the hydrolysis of the same. ADP is not hydrolyzed. 
and it completely inhibits the hydrolysis of ATP. The ATP-ase activity is pro- 
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portional to the ATP concentration within a range varying in function of the 
concentration of simultaneously present phosphate; this seems to be due to 
the antagonist effects of adenine nucleotides and phosphate on mitochondrial 
structure; the former protects, the latter disrupts this same structure. The 
action of some inhibitors has been studied, and the results suggest that Be?" 
and, to a lesser extent, also F~, are effective in inhibiting mitochondrial ATP- 
ase. EDTA has been found to inhibit the ATP-ase activity of pea mitochondria 
only when present in the reaction medium. 


The author wishes to express his gratitude to Prof. S. Tonzig for his kind encour- 
agement and to Prof. E. Marré for helpful suggestions. This investigation has been 
supported by grants from the Italian National Research Council. 
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Carbohydrate Change in Water Absorbing Bean Germ-Axes 
By 
YUKITO OOTA 


(Biological Institute, Nagoya University, Chikusa-ku, Nagoya, Japan) 
(Received March 23, 1957) 


In our research programme on the physiology of ‘the germination stage’ of 
Vigna sesquipedalis one of the main interests lies in the comparison of the 
metabolic patterns of the germ-axes as highly anabolic type of tissues with 
those of the cotyledons as catabolic one. In the previous paper we have dealt 
with the carbohydrate change in the isolated cotyledons (Oota et al.). A study 
was now made of the aerobic and the anaerobic carbohydrate metabolism in 
the isolated germ-axes. This time special attention was paid on the effect of 
water content of the tissues in hopes of getting some clue to the mechanism 
of water uptake in the germinating bean embryos. 


Materials and Methods 


Seeds of Vigna sesquipedalis stored in a dark desiccator for about one and a half 
years after harvest were used. From the decotyledonized embryos the epicotyls and 
the plumules were cut off and the remainders including the hypocotyls and the 
radicles were used as the experimental materials (called briefly germ-axes hereafter). 
The operations were done by means of a razor blade in room light. In order to bring 
the tissues to a constant humidity they were placed for 2 days in a desiccator over 
silica-gel before use. 

Gaseous exchange. To 50 germ-axes (the initial weight=90 mg.) which were placed 
in the main room of each conical vessel (ca. 27 ml. in volume) of the Warburg respi- 
rometer, 1.5 ml. of phosphate buffer (pH 6.0; the final concentration=M/150) was 
tipped from the side arm at zero time after 15 min. temperature equilibration. The 
respirometers were shaken at the rate of 125 strokes per min. with 5 cm. amplitude. 
The bath temperature was adjusted to 30°C. unless otherwise stated. Air and washed 
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nitrogen were used to make aerobic and anaerobic conditions, respectively. The eva- 
cuation-nitrogen flushing procedure (cf. Umbreit et. al., p. 44) was repeated three 
times in 15 min. The manometric experiments were carried out in the dark with 
occasional weak light for scale reading. The CO, output was measured by the direct 
method with the correction for the CO, retention by the use of a’ instead of a in the 
calculation of the vessel constant (cf. Umbreit et al., p. 20). 

The addition of liquid always evoked a short-term emission of unidentified gas. 
Assuming that this initial blast may be of physical nature, e.g., explusion of gas 
stored in intercellular spaces, the first reading of respirometers was made after 
15 min. of the addition of the liquid. The ‘metabolic’ gas exchange during this 15 min. 
period was evaluated by extrapolation. 

After designated periods of shaking, the respirometers were withdrawn from the 
bath and the vessel contents were immediately analysed for the following items. 

Water uptake. This was estimated in terms of the increase in fresh weight of the 
tissues. Fifty germ-axes were rinsed twice with water, blotted well with filter paper 
and weighed by means of a torsion balance. The whole procedure of fresh weight 
estimation was finished within 3 min. 

Total and reducing sugars, starch and ethanol. The same methods of estimation as 
those described in the previous paper were adopted except that the conventional HCl 
treatment for sugar hydrolysis was replaced by the Dowex-50 method (Noggle). Tis- 
sues and medium (combined with the washings of the tissues) were separately assayed 
for sugar and starch, while both together for alcohol. 

All estimations were repeated on three separate occasions. 


Results and Discussion 


Water uptake. The time courses of fresh weight increase (water intake) 
under air and nitrogen are illustrated in Figures 1 and 2, respectively. As 
clearly seen in Figure 1, the aerobic water uptake vs. time is resolved into 
three successive phases, i.e., the initial steep rise (provisionally referred to as 
Phase A; this continued for ca. 0.5 hrs. from zero time) and the final linear 
elevation (Phase C; from ca. 1.5 hrs. onwards) after the transient suspension 
(Phase B; from ca. 0.5 to 1.5 hrs.). In the anaerobic uptake (Figure 2) merely 
Phases A and B but no C were involved. Thus under nitrogen the water level 
of the tissues changed no longer after Phase A was once passed. 

The effect of temperature ranging 15—35°C on the aerobic water uptake 
was examined; the results obtained are summarized in Figure 3. Temperature 
coefficient (Q,,) for the initial rate of uptake in Phase A was found to be 
nearly constant at 1.2 in the whole range of temperature examined, whilst 
that for Phase C was higher and had a tendency of drop with temperature, 
i.e., 2.3 for 20—30°C and 1.6 for 25—35°C. At 15°C Phase C failed to occur 
in the 10 hr. period of incubation. 

The Q,, value of 1.2 for Phase A suggests that in this phase of water uptake 
diffusion may be rate-limiting (cf. James, p. 23). It sounds rather natural 
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Figure 1. Fresh weight in- 
crease, gaseous exchange, and 
alcohol production of the 
bean germ-axes. Phosphate 
buffer (pH 6.0; final conc. 
M/150) was added at zero 
time to the dry tissues. War- 
burg respirometers used. Gas 

phase: air. Temperature: 30°C. 
02 A Each point shows the mean 

value of three replicates. The 
vertical lines are twice the 
standard deviations. 


06 


GAS OR ALCOHOL „umol/GERM-AXIS 
2 
FRESH WEIGHT mg /GERM-AXIS 


TIME HRS. 


that the earliest step of water uptake of the dry tissues such as used in the 
present study may be brought about as a simple physical process. Contrary 
to this, the Q,, value of Phase C will permit us to consider the phase to be 
of physiological nature. The absence of Phase C under nitrogen would indi- 
cate that aerobic metabolism may have something to do with this phase. 
Separately, KCN (10°? M) added at zero time was found to suppress the O, 
uptake completely, and remove only Phase C of water uptake leaving both 
Phases A and B nearly intact. Here it is worthy of remark that not the com- 
plete but at most 25 per cent inhibition of respiration is likely sufficient to 
eliminate all the Phase C elevation (see the later description). 

As to Phase B, its duration would supposedly be attributed to the time 
necessary for the tissues to provide themselves with some necessary factor 
for the resumption of water uptake, i.e., the occurrence of Phase C. The dura- 
tion was shortened definitely with the rise in temperature, Q,, being appar- 
ently greater than 2. The tissues are unable to shift from Phase B to Phase C 
under anaerobic conditions. Considering these facts together, this lag phase 
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in establishment of the steady uptake rate of Phase C is also likely associated 
in some way with aerobic metabolism of the tissues. 

Carbon balance. The initial contents of total and reducing sugars, starch 
and alcohol per a germ-axis were found to be 1.37 0.012, 0.070 + 0.008, 
0.264 + 0.012 umol. (each expressed on the hexose basis) and 0.113 +0.003 
umol., respectively. The changes in content of these compounds together with 
the gaseous exchange are illustrated in Figures 1, 2, 4 and 5 and Table 1. In 
Figures 4 and 5, the terms: sugars lost, polymerized and exuded are used to 
denote respectively total sugar loss from the tissues, starch deposition in the 
tissues and total sugar accumulation in the medium; sugars respired and fer- 
mented were computed with an assumption that each 6 mol. of O, consumed 
and 2 mol. of alcohol formed correspond to 1 mol. of hexose utilized. The 
validity of this assumption will soon be clear. 

It is indicated that sugar was lost from the tissues at much the same rate 
under air as under nitrogen, and that the sugar lost was nearly balanced by 
the sum of sugars polymerized, respired, fermented, and exuded in aercbiosis 
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Figure 3. Water uptake of the 
bean germ-axes at various tem- 
peratures. Phosphate buffer (pH 
6.0; final conc. M/150) was 
added at zero time to the dry 
tissues. Warburg respirometers 
used. Gas phase: air. Each point 
shows the mean value of three 
replicates. 


TIME HRS. 


(Figure 4) and by the sum of sugars fermented and exuded in anaerobiosis 
(Figure 5). Sugar recovered in Figures 4 and 5 means the sum of sugars poly- 
merized, respired, fermented, and exuded. 

From the comparison of Figure 4 with Figure 5, it is immediately clear that 
the rate of metabolic consumption of carbohydrate in nitrogen, i.e., the rate 
of consumption of sugar by fermentation is always remarkably greater than 
that in air, i.e., the rate of consumption of sugar by respiration (and fermen- 
tation in the later stage of incubation). This means the presence of the Pasteur 
effect in the germ-axes. Meyerhof quotient was calculated to be ca. 1 for 
Phases A and B; smaller values were obtained for Phase C where as will be 
shown later respiration was overlapped with fermentation. 

Starch accumulation. Contrary to the marked disappearance of starch ob- 
served in the cotyledons under either aerobic or anaerobic conditions (Oota 
et al.), the germ-axes showed starch loss under neither aerobiosis nor anaero- 
biosis. Thus in nitrogen the initial starch level remained unchanged, and a 
marked accumulation of it took place in the respiring tissues. This aerobic 
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Figure 4. Carbohydrate change 
in the bean germ-axes. Phosphate 
buffer (pH 6.0; final conc. 
M/150) was added at zero time 
to the dry tissues. Warburg res- 
pirometers used. Gas phase: air. 
Temperature: 30°C. Each point 
shows the mean value (expressed 
on hexose basis) of three repli- 
cates. The vertical lines are 
twice the standard deviation. 


HEXOSE ymol/GERM AXIS 


TIME HRS. 


starch accumulation stopped to proceed almost wholly at about 3 hrs. after 
adding the liquid to the tissues when the starch content of the tissues (0.4 
umol./germ-axis) amounted to as much as ca. 60 per cent of the total sugar 
contained in the same tissues (0.7 umol./germ-axis). 


Now it seems to be well established that starch production is a strictly aerobic 
process (cf. e.g., Porter) perhaps closely connected with oxygen respiration. In the 
present conditions nearly equimolar amounts of sugar were polymerized and respired 
(Figure 4). At least in the early period of incubation where the tissues are absorbing 
water most probably merely by diffusion, this vigorous starch formation may perhaps 
be the predominant process, if not the exclusive one, of expenditure of respiratory 
energy. If so, energy-rich phosphate bonds, very much more than one that may be 
produced by the oxidation of one molecule of hexose are to be involved in the 
formation of one glucosidic linkage. It will be worth examining whether such waste- 
ful energy relation is virtually operating in the tissues in question or merely the 
above assumption of the preferential use of respiratory energy for starch synthesis 
is far from the truth. 


The physiological meaning of this remarkable starch formation is not clear. 


It may at first be thought that sugar existing in excess would temporarily be 
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Figure 5. Carbohydrate change in 
the bean germ-axes. Phosphate 
buffer (pH 6.0; final conc. M/150) 
was added at zero time to the 
dry tissues. Warburg respirome- 
ters used. Gas phase: nitrogen. 
Temperature: 30°C. Each point 
shows the mean value (expressed 
on hexose basis) of three repli- 
cates. The vertical lines are 
twice the standard deviations. 
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02 
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TIME HRS. 


converted into starch so that it might later be saccharified to meet osmotic 
requirement of the tissues. Relevant to this an unpublished observation of 
Izawa and Mizuoti of our laboratory should be cited. Analysing the zonal 
distribution of growth patterns in the bean hypocotyls in the germination 
stage, they have found a similar accumulation of starch and, furthermore, 
subsequent disappearance of it occurring in the most actively water-absorbing 
portion of the hypocotyl. In this case, however, the starch change was shown 
to be too small to have any serious effect on the suction force of the tissues by 
altering the sugar concentration in the cells. 

Concerning the cessation of starch accumulation in the later stage of incu- 
bation, out of various possible explanations the following may be worthy of 
note. As will be shown later, under the present aerobic conditions the tissues 
are likely forced to be increasingly suffocated, and we are conscious that the 
formation of glucosidic linkage may be very sensitive to suffocation as re- 
vealed for the sucrose formation in the bean cotyledons (Oota et al.). 

Sugar exudation. Under either air or nitrogen, appreciable amounts of sugar 
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were exuded into the external medium. The exudation vs. time curves (Figu- 
res 4 and 5) are seen to be in a very close parallel with the water uptake vs. 
lime curves (Figures 1 and 2). Thus the time course of aerobic exudation can 
be divided into three phases, i.e., Phases A’, B’ and C’ which keep pace almost 
exactly with Phases A, B and C of the water uptake, respectively. The anae- 
robic exudation is lacking in the last phase (Phase C’) just as the anaerobic 
water uptake is. It is noted, however, that although any difference was hardly 
seen between the initial rates of aerobic and anaerobic exudation the time of 
transition from Phase A’ to Phase B’ came much slower under nitrogen than 
under air. Thus the level of Phase B’ in anaerobiosis was considerably higher 
than that in aerobiosis. This has been found to be also the case for the sugar 
exudation in anaerobiosis induced by the addition of KCN (10°? M) (Oota, 
unpublished). No such effect of suffocation was seen in the case of water 
uptake. 

The ratio between reducing and total sugars for the exudate was found to 
be nearly constant in the whole incubation period, i.e., ca. 15 (per cent) in 
aerobiosis and ca. 10 (per cent) in anaerobiosis (Table 1). As to the ratio for 
the sugar contained in the tissues, the lower initial value (ca. 5 per cent) was 
nearly doubled in the 4 hr. period of incubation almost independently of the 
gaseous conditions given. These facts would imply that the tissues permeate 
non-reducing sugar (may be composed solely of sucrose, cf. Fujii) more 
readily than they do reducing one (may be composed chiefly of glucose and 
fructose, cf. Fujii) and that the relative permeability for reducing sugar is 
smaller in anaerobiosis than in aerobiosis. The mechanism of these selective 
permeations is not obvious, but the preferential permeation of sucrose as ob- 
served in the present materials coincides well with the generally held view 
that sucrose is the major transporting form of sugar in plant tissues. 


Exudation of cell contents from plant tissues has been reported by various authors. 
Kandler, investigating amino acid exudation out of the excised roots of maize em- 
bryos, has found that the leakage is completely suppressed when the roots with 
shoots attached are used. He supposed that in the intact embryos amino acids pro- 
duced in the roots will be translocated to the shoots to be converted there into the 
tissue constituents instead of being thrown out to the medium. We. however, have 
confirmed that the intact germ-axes with the plumules and the epicotyls attached can 
as well exude sugar (Oota, unpublished). On the other hand, Christiansen has re- 
ported that the pea stem sections exude various easily diffusible cell contents inclu- 
sive of sugar when the growth induced by indoleacetic acid is restricted by iodo- 
acetate, and this exudation is accompanied by a considerable water loss from the 
sections. It was supposed that the exudate passes out of the tissues dissolved in the 
water excreted. In the present materials, however, the sugar exudation was shown to 
be accompanied not by the loss but by the gain of water. 
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Putting aside a few unsettled problems, e.g., the difference between the 
Phase A exudation under air and that under nitrogen and the selective exuda- 
tion of non-reducing sugar, etc., such a close parallel in the time courses as 
disclosed between (total) sugar exudation and water uptake would suggest that 
respective phases of sugar exudation would be of similar nature as the cor- 
responding phases of water uptake. Thus Phase A’ may be a diffusion pro- 
cess, Phase C’ in association with aerobic metabolism and Phase B’ the lag 
period for Phase C’. It was already mentioned that both Phases C and © 
were highly susceptible to suffocation. 

Gaseous exchange and alcohol production. The rate of O, uptake was acce- 
lerated with the lapse of time until it reached a steady value (Figure 1). Thus 
the time course of O, consumption was resolved into much or less distinct two 
phases, i.e., the initial exponential rise (in the following called Phase I; this 
continued for ca. 1.5 hrs. from zero time) followed by the final linear eleva- 
tion (Phase II; from ca. 1.5 hrs. onwards). 

In Phase I a respiratory quotient (RQ) of unity (suggesting sugar respira- 
tion) was maintained, while with the start of Phase II it began to rise gradually 
over 1. The rise in RQ was found to be accompanied by alcohol production 
(Figure 1), the alcohol formed being nearly equimolar to the CO, emitted in 
excess. Noticeable was that the shift from Phase I to Phase II occurred just 
simultaneously with that from Phase B to Phase C of water uptake. It has 
been ascertained separately that the same is also the case for the germ-axes 
incubated at 20, 25 and 35°C (Oota, unpublished). 

Under the anaerobic conditions remarkable amounts of alcohol and CO, 
were formed, and the mol. ratio alcohol formed: CO, emitted was always 
greater than 1 (cf. Figure 2). The tissues under air also had the tendency of 
producing an excess of CO», i.e., ‘extra CO,’, with the advance of Phase II. 
Hence, it may reasonably be supposed that the germ-axes under air are sut- 
fering from a growing partial suffocation in the later stage of incubation. 
Increased invasion of water with relatively low O, solubility together with 
accelerated O, consumption may probably be the major cause of this suffoca- 
tion (cf. Oota et al.). On the other hand, we have found that a saturating 
amount of 8-hydroxyquinoline added at the time of start of Phase C results 
in the complete suppression of both the Phase C water uptake and the rise in 
RQ above unity, the O, uptake of Phase II being depressed by only ca. 25 per 
cent (Oota, unpublished). This would support the above view on the cause 
of the tissue suffocation. Moreover, it provides an interesting suggestion that 
not more than 25 per cent of the Phase II respiration seems to be associated 
with the physiological phase (Phase C) of water uptake. 

As to the extra CO, production it is only stated here that a similar gas out- 
put has been observed in the cotyledons either partially or perfectly suffocated 

Physiol. Plant., 10. 1957 


920 YUKITO OOTA 


(Oota et al.). In passing, it has also been reported in the previous paper that 
in the cotyledon tissues a dual respiration oxidizing sugar and lipid is likely 
to occur in aerobiosis and the concurrent formation of alcohol and lactic acid 
in anaerobiosis. So far we have had no sign indicating that the germ-axes 
utilize any respiratory substrate other than sugar in aerobiosis and produce 
lactic acid in anaerobiosis. 

Addendum. In the present study no examination has been made on the 
occurrence of cell divisions. Recently, Goo who followed the daily changes in 
fresh weight of intact air-dried seeds of a variety of coniferous plants placed 
on wet filter paper has found a similar aerobic progress of water uptake to 
that was reported here, and at the same time he pointed to a noticeable fact 
that mitotic figures, which were never seen in the first phase of water uptake 
and seldom in the second phase, suddenly increased in number as the final 
resumption of water uptake (comparable to our Phase C) occurs. It appears, 
therefore, not impossible that in the present materials cell division might also 
take place actively in Phase C. If so, the events occurring in Phase C, inter 
alia the resumption of water uptake and the appearance of aerobic fermenta- 
tion (Phase II) should be reexamined in relation to the mitotic activity of the 
tissues in question. | 


Summary 


The time courses of carbohydrate change and water uptake in the germ- 
axes isolated from dry bean seeds and shaken in a phosphate buffer at 30°C 
were investigated. 

In air the water uptake vs. time curve was composed of three successive 
phases: Phase A, the initial rapid rise (Q,,=1.2), Phase B, the transient sus- 
pension, whose duration was shortened with the rise in temperature (Q,, > 2) 
and Phase C, the final linear elevation (Q,,=2.3 for 20-—30°C and 1.6 for 
25—35°C). In nitrogen Phase C disappeared, while Phases A and B remained 
nearly unchanged. 

The aerobic sugar loss (expressed on carbon basis) was nearly balanced by 
sugar exudation, starch accumulation and respiratory CO, emission, while the 
anaerobic one was mostly recovered as sugar exudation and alcoholic fermen- 
tation. ‘Extra CO,’ was produced in either nitrogen or at the later stage of 
inbubation in air. 

The O, uptake vs. time curve was resolved into two phases: Phase I, the 
initial exponential rise (R.Q.=1) followed by Phase II, the final linear eleva- 
tion (R.Q.>1). The time of shift from Phase I to Phase II well agreed with 
that from Phase B to Phase C of water uptake. In Phase II a little alcohol 
was produced and the starch accumulation was suppressed. 
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An almost exact parallel was observed between the time course of water 
uptake and that of sugar exudation. 


The rate of respiratory carbohydrate consumption in air was strikingly 
smaller than that of fermentative one in nitrogen. 
Physiological meanings of these findings were briefly discussed. 
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Introduction and Methods 


Different anions are accumulated with different velocity in plant roots (see 
e.g. Lundegardh and Burstrém 1933). Different charge, hydration and mole- 
cular volume may contribute to this fact. Another important factor is that the 
uptake of ions which are rapidly used up in the root or which have a high 
affinity for special substances in the root will be favoured (see Helder 1951). 
Investigations during the last years, especially of Epstein (1953, 1956 a, 
1956 b), have shown that most probably different anions are absorbed via dif- 
ferent loci in plant roots, which are specific for certain ions or groups of ions. 
This absorption via special sites or carriers is effective especially in the active 
accumulation, where ions are accumulated to concentrations greater than in 
the surrounding medium. The binding to carriers should not be confused with 
the initial adsorption (or ion exchange) which takes place in the “apparent 
free space” (see Epstein 1956 a, Kramer 1957). 

It seems as if the adsorption to the carriers necessary for active accumula- 
tion is more specific than the exchange adsorption involved in the initial up- 
take into the apparent free space. Nitrate and chloride ions are probably not 
accumulated via the same carriers (Epstein 1953). The views as to the loca- 
tion and nature of the different carriers are still very speculative (see Lunde- 
gärdh 1955, Epstein 1956 a, Kramer 1956). As a great part of the substances 
easily accumulated by the roots is found in the vacuoles, it seems plausible to 
postulate that the carriers are at least partly situated in the tonoplast. It has 
also been suggested that accumulation occurs in the mitochondria and that 
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this may be ascribed to carriers in the mitochondrial membrane (see Robert- 
son 1956). 


The present experiments deal mainly with active accumulation against a 
concentration gradient, and it is not possible to discuss in detail the role of 
the absorption into the outer space or “apparent free space” (AFS). The con- 
centration of chloride and nitrate in the solution surrounding the root has 
been 1 mM in most of the experiments. This means that if the AFS in wheat 
roots is assumed to be 25 per cent (Butler 1953, Kylin and Hylmö 1957), the 
concentration increase inside the root calculated on the whole root after 
equilibration between the surrounding solution and AFS will be 0.25 mM. 
This absorption has been estimated to take place in 10—30 minutes for chlo- 
ride and sulphate ions (Butler 1953, Kylin and Hylmö 1957). During 4 hours 
the wheat roots in the present experiments accumulated 10—30 pions/100 mg 
dry matter, roughly corresponding to a concentration of 10—30 mM in the 
root. That is, the chloride concentration in the root increased with a rate of 
2.5—7.5 mM per hour or 0.04—0.12 mM per minute. The same amount that 
may be absorbed by the AFS is thus actively accumulated in as short a time 
as 2—6 minutes. In the dilute solutions used in these experiments the absorp- 
tion into the AFS is therefore of secondary importance in a discussion of the 
amount taken up. 


During an investigation of the effects of sugars upon ion accumulation in 
excised roots the behaviour of different ions has been compared. Some obser- 
vations have been made supporting the view that different ions are accumu- 
lated via mechanisms which are at least partly different. In this paper some 
data about the accumulation of chloride and nitrate will be given. These two 
ions have been widely used in investigations about the accumulation of ions 
in roots, and it is known that the absorption of nitrate ions is intimately 
coupled with their assimilation (see Burström 1945), whereas chloride ions 
are not noteworthy involved in metabolic processes in the roots. It has been 
stressed (see especially Humphries, 1952) that it is therefore to be expected 
that nitrate and chloride ions ought to show divergent dependence upon 
carbohydrate content and other factors in the root. The data in this paper 
showing the different reaction of chloride and nitrate accumulation to some 
factors may therefore be of interest, especially as Epstein (1953) concluded 
that chloride and nitrate are accumulated via different carriers. 


The technique was essentially the same as earlier (see Stenlid 1954). Wheat seeds 
(Svalöfs spring wheat Diamant II) were treated with calcium hypochlorite for 1 hour, 
rinsed with distilled water, soaked in distilled water 20 hours at 20°C, and germinated 
for 65—70 hours at 22°C on moist filter papers. The roots (about 40 mm long) were 
cut into 100 ml flasks with distilled water, which was replaced by 40 ml of the chlo- 
ride or nitrate solutions at the beginning of the experiments. The experiments were 
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performed at 25°C in continuously aerated solutions. 5 ml samples were removed for 
analysis at the start and the end of the experiment and the absorption was calculated 
from the difference in chloride or nitrate content between these samples. The control 
solutions in the chloride experiments contained KCI 0.9 mM, CaCl, 0.05 mM, KH,PO, 
0.25 mM, and Na,HPO, 0.25 mM (=“‘chloride control”). For the electrometric deter- 
minations of chloride a Radiometer potentiometer PHM 3 was used and the titrations 
were performed according to Piper (1950 p. 40) with the following modifications: As 
electrodes a siver wire and a glass electrode in phtalate buffer (connected with the 
chloride solution by means of an agar-NH,NO,-bridge) were used, and the end point 
was obtained by determining the inflexion point of the titration curve. As a rule the 
duration of the accumulation experiments was 4 hours. : 

In the nitrate experiments the procedure was mainly the same. KCI and CaCl, 
were exchanged for KNO, and Ca(NO,),, and MnSO, was added to a concentration 
of 5 mg per litre (—“nitrate control”). The influence of Mn was slight (10—15 °/o 
increase in nitrate absorption) in the young roots used in this investigation. The 
nitrate determinations were made according to Burström (1942). The light absorp- 
tion of the nitrophenylsulphonic acid was determined at 405 mu (the absorption 
maximum) with a Beckman spectrophotometer mod. DU, however. 

The 'net absorption is thus reported, and the true absorption may of course be 
higher as part of the absorbed salts may have been exuded through the cut surface. 
The accumulation in the freshly cut roots in the control solutions varied between 
10 and 14 uions/4 hours and 100 mg dry matter for chloride and between 12 and 
18 pions/4 hours and 100 mg dry matter for nitrate (the dry matter content in each 
flask was 60—80 mg). It was necessary to use seed material harvested different years 
in the investigation. The accumulation capacity varied somewhat between the dif- 
ferent seed batches (and also with the time of storage) but the general trend of the 
effects obtained was always the same. The uptake of phosphate was low compared 
to the uptake of chloride and nitrate in the controls. 

In the experiments 2—3 flasks were used for each concentration or treatment and 
all experiments were repeated at least once if not otherwise stated. The pH at the 
start of the experiments was 6.5—7.0. As a rule the final pH in the chloride experi- 
ments was 5.8—6.8 and in the nitrate experiments 6.0—7.2. Before the addition of 
salicylic acid and the other acids mentioned in Tables 5 and 6 their pH was adjusted 
to about 6.5 with NaOH. 


The sugar determinations were made with the method of Philipson (1943). 


Effects of Preconditioning with Aerated Water 


In freshly excised wheat roots no increase in chloride absorption is ob- 
tained when glucose is added (see Stenlid 1954 and Table 4). The slightly 
lower uptake compared to the control may at least partly be due to the fact 
that the uptake is calculated on a dry matter basis, and that the dry matter 
content of the roots after the experiments is greater in the solutions with glu- 
cose. Obviously the sugar content in the root is not a limiting factor for 
chloride accumulation. As it was desired to investigate which sugars can be 
used for the part of the respiration involved in ion absorption the roots were 
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Table 1. Sugar content in excised wheat roots preconditioned in continuously aerated water 
at 20°C. “Total sugar” calculated as glucose. For further explanations see p. 924— 995. 
m ae ee I u EEE u EEE 


Ti f RE 
ce ee ime o De None hours 
0 24 48 72 
Reducing sugar: 
mg/g fresh matter ........... 8.1 Bel 2.5 ihe 
mmol/kg fresh matter ....... 45 28 14 6 
“Total sugar”: | 
mee treshtmatter ri. ss... 9.4 5.7 3.1 2.0 
mmol/kg fresh matter .......| 52 32 17 all 


starved before some of the experiments. Positive effects of sugars are more 
easily obtained in roots with a low carbohydrate content (see Broyer 1951) 
and the excised roots were therefore placed at 20°C in distilled water which 
was continuously aerated, and which was changed iwice a day. The sugar 
content in the roots was determined after pretreatment in aerated water for 
different time periods. The roots were extracted as described by Burström 
(1942), and determinations were made in the extracts both direct (reducing 
sugar) and after hydrolysis at 100°C for 1 minute in 0.2 N H,SO, (“total 
sugar”). During this hydrolysis mainly sucrose is split, The sugar content in 
the roots steadily decreased during the washing in distilled water (see Table 1). 

The accumulation of nitrate and chloride ions was also determined with 
roots washed in distilled water (see figure 1). The capacity of accumulating 
nitrate ions decreased approximately parallelly to the decrease in sugar con- 
tent. For chloride accumulation, however, a quite different picture was ob- 
tained. The capacity for accumulation of chloride ions rapidly increased 
during the first 24 hours in distilled water, and thereafter decreased again. 
The quotient CI/NO, for the accumulation rates was about 0.7—1.0 immed- 
iately after excision, but rose to 3 after 48 hours treatment with water. 

An increase in the absorption capacity has also been found after washing 
in aerated water for roots of other plants (see Table 2) and seems thus to be 
a rather common phenomenon in young roots. Especially pea roots show a 
very conspicuous response upon washing as freshly excised pea roots do not 
absorb any chloride at all. 

The oxygen uptake in roots washed for different time periods was deter- 
mined both in distilled water and in the solutions used in the experiments on 
chloride and nitrate aceumulation (Table 3). It should be noted that after 
72 hours, when the sugar content is only 15—20 per cent of the content in 
freshly cut roots and the oxygen consumption has decreased to cirka 50 per 
cent of the initial value, chloride absorption is still higher than in the freshly 


cut roots. 
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Figure 1. The capacity of ion accu- 
mulation and the sugar content in 
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excised wheat roots. The accumula- 
© : AR : 
tion is given as uions/+ hours and 
100 mg dry matter. The sugar values 


SUGAR CONTENT refer to “total sugar” (cf. p. 925). 


ION ACCUMULATION 


1 For further explanations see p. 924. 
24 48 72 96 HOURS 
TREATMENT WITH AERATED WATER 


Neither oxygen consumption nor carbohydrate supply seems thus to be the 
limiting factor for chloride absorption in freshly excised roots, but some other 
factor must inhibit the accumulation, hindering the mechanism to work with 
full capacity. An increased capability of ion accumulation after washing has 
been observed frequently in storage tissues (e.g. Asprey 1937, Stiles and Skel- 
ding 1940, Rees 1949, Sutcliffe 1952, 1954), but no so clear-cut results as in 
this investigation seem to have been reported for excised roots. In storage tis- 
sues not only the accumulation but also the respiration is often considerably 
increased after washing with water (see Robertson et al. 1947), and both 
respiration and accumulation give complicated curves during the washing 
period. The results obtained with storage tissues are thus not directly com- 
parable to those from roots, especially as the anatomical structure in the two 
types of organs is different. Storage tissues as a rule have a large reserve of 
carbohydrates so that the sugar supply is not rapidly depleted. 

There are several possible explanations for the increased accumulation of 
chloride ions in the preconditioned roots, e.g.: 

1) Increased capacity of the vacuole or cytoplasm to receive ions (decreased 
general salt content, decreased salt content at some important colloid in the 
vacuole or cytoplasm, decreased content of some special ion, or an increase 
of the AFS. 

2) Production of some necessary metabolite. 


3) Increased capacity of the accumulating mechanism (liberation or syn- 
thesis of active sites or carriers for ion accumulation). 
4) Removal of an inhibitor. 
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Table 2. Absorption of chloride ions in excised roots treated with continuously aerated water 

at 20°C. Roots from 3—4 days old seedlings cultivated on moist filter papers were used. 

The solutions and other experimental conditions as in the experiments with wheat roots. 

The values give the absorption in uions/4 hours and 100 mg dry matter. The values are the 

mean of 2—3 flasks from one experiment, except for the values 0 hour for Pisum and 

Cucumis which are the mean from 3—4 experiments. Values for Pisum and Cucumis are 
combined from different experiments and not directly comparable. 


h Pretreatment with water, hours 
Plant species 

a as rac | 

| 

Omeumis; SAROUS ome. 2 « 152) 172 
Linum usitatissimum .... 9.2 —- 
USHA SAE DIU parece idee eh 0.1 — 
EEOTICNOYS” Geom en nase. Dal == 


Removal of salts or an inhibitor may of course lead to liberation of carriers 
and the possibilities may also be correlated in other ways. 

It has repeatedly been shown that tissues with a low salt content absorb 
ions more readily than tissues with higher salt concentrations (see Hoagland 
and Broyer 1936, Humphries 1950, Broyer 1951). Broyer (1950) in studies 
of bromide uptake in barley roots concluded that metabolic migration is 
favoured in low salt roots and also that different paths are followed in high- 
and low-salt roots. In high-salt roots the movement into the vacuoles was 
much slower. The roots used in the present investigation are however not 
“high salt tissues” in the same sense as the roots used by Hoagland and 
Broyer, as they have never been cultivated in nutrient solutions and the salts 
are all obtained from the seed. The nitrate content in freshly cut roots was 
about 3 wions/g fresh matter and after 42 hours treatment with aerated water 
2 uions. No data are available for the chloride or total salt content of the 
roots (the dry matter loss during 24 hours was €. 1—-2 mg from 100 mg dry 
matter), but a general decrease in the salt content does not seem to be the 


Table 3. Oxygen consumption in excised wheat roots preconditioned in continuously 
aerated distilled water. Manometric determinations with Warburg apparatus at 25°C during 
3 hours. 10 roots (total length about 40 mm) cut into pieces of 12—15 mm in each vessel. 
The values are means from 3 vessels. Oxygen consumplion is given as mm?/100 mg dry 


matter and hour. The composition of the media “chloride control” and “nitrate control” 


is found on p. 924. 


Time of preconditioning, hours 


Medium 
0 18 1220 || 66 
Dist. water .......... 770 800 530 | 380 
“chloride control” ....| 740 850 600 | 420 
Snilrateleontmolar.2.|..810 750 LOO Serer 0 
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only cause of the increased capacity of ion accumulation. It is also obvious 
that a decrease in the total salt content is not the only factor causing increased 
accumulation in washed storage tissues (see e.g. Table V in Sutcliffe 1954). 
Humphries (1950) showed that absorption of nitrate and phosphate was re- 
lated to the concentration of these special ions in the tissue and relatively in- 
dependent of other ions. As wheat roots contain only small amounts of chlo- 
ride ions the accumulation cannot be strongly enhanced by removal of 
chloride from the vacuoles or the cytoplasm. 

The removal of a special inhibitor is an explanation which cannot be ex- 
cluded. Preliminary experiments have been made, in which the water where 
the wheat roots had been washed was used for the preparation of the chloride 
solutions. Some inhibitory effect on chloride accumulation was found (the 
accumulation in roots pretreated during 24 hours was 80 per cent of the con- 
trol) but further experiments are necessary. It can be mentioned that growth- 
inhibiting substances may be liberated from roots (see discussions in Grüm- 
mer 1955 and Almestrand 1957). It has also been stated that red beet tissue 
contains a natural inhibitor for ion absorption (Skelding and Rees 1952), and 
that removal of the inhibitor gives an increased accumulation of ions. A natu- 
ral inhibitor decreasing the activity of mitochondria was reported by Laties 
(1954). Also this inhibitor was removable by washing. 

Summing up it can be said that removal of salts from carriers and cyto- 
plasm and also removal of some inhibitor contribute to the increased capa- 
bility for absorbing chloride ions. The decrease in capacity for chloride accu- 
mulation following after 24 hours is at least partly due to lowered sugar con- 
tent. The effect of washing upon nitrate accumulation may be explained with 
the decrease in the sugar content (cf. p. 930). 


The Effect of Glucose and Galactose 


Sugar is necessary as a source of energy for active ion uptake. This is prob- 
ably valid for all anions accumulated to any considerable amount in roots, 
and the promoting effects of externally applied sugar are greater in roots 
with low carbohydrate content (see Broyer 1951). Besides the sugars have 
more special effects. They may be necessary for the synthesis of carriers and 
may also give rise to suitable acceptors (keto acids etc.) necessary in the assi- 
milation of the ions. It may be assumed that these special effects are more 
specific for different ions than the effect as an energy source. Such special 
effects have been suggested for nitrate ions, where absorption is intimately 
coupled to assimilation (see Burström 1945 and Webster 1955), and for phos- 
phate ions (see van Andel et al. 1950). Humphries (1952) reviewing the effects 
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Table 4. Effect of glucose and galactose upon accumulation of nitrate and chloride in 
excised wheat roots preconditioned in distilled water. The values give the accumulation in 
per cent of control without sugar. For further explanations see p. 924. 

————— EEE 


Ion à Time of pretreatment, hours 
accumulated puoer adGed El, ; 
0 20—24 | 42—48 | 67—72 
Chloride Glucose 10-2 M ... 95 104 127154 128 
Chloride Galactose 10—2 M .. 105 108 142 119 
Nitrate Glucose 10—3 M ... 118 159 155 138 
Nitrate Glucose 3 - 10-3? M 114 164 149 125 
Nitrate Galactose 10—3 M .. 73 110 129 HS 
Nitrate Galactose 3 : 10—3 M 71 120 147 — 


of sugars upon ion accumulation assumes that the absorbed ions are loosely 
bound to some organic compound formed from sugars. 

Only some of the results from the experiments with different sugars will be 
mentioned here (see Table 4). In roots used without pretreatment in distilled 
water, chloride accumulation is only slightly affected by glucose or galactose 
(cf. p. 924). The concentration of sugars in the freshly excised roots does not 
seem to be limiting the chloride accumulation. After 2 days in aerated distilled 
water when the sugar content has fallen to about 30 per cent of the initial 
concentration positive effects are obtained both with glucose and galactose. 
The effect of glucose is more pronounced than that of galactose. 

For nitrate ions different results were obtained. In contrast to the chloride 
accumulation the accumulation of nitrate in pretreated roots never exceeded 
the accumulation in freshly cut roots. Glucose gave positive effects in all 
roots irrespective of their preconditioning in water (see Table 4). Galactose, on 
the other hand, gave negative effects in non-treated roots but positive effects 
in roots kept in distilled water for two or three days. This somewhat puzzling 
effect may be explained by assuming that galactose in non-treated roots com- 
petes with glucose at some point in the accumulation of nitrate, which is not 
necessary for chloride accumulation. If galactose can be used but with a lower 
efficiency than glucose a reduced uptake will follow. In roots which have 
been treated with distilled water the concentration of glucose may be assumed 
to be far below the optimum. No distinct competition between glucose and 
galactose exists and positive effects (weaker than those for glucose) are ob- 
tained. Other experiments which will be reported elsewhere show that galac- 
tose, like glucose, is used both for accumulation and assimilation of nitrate. 
It can be mentioned that mannose and 2-desoxyglucose, which inhibit accu- 
mulation of chloride (Stenlid 1954) also inhibit the absorption of nitrate, and 
that sucrose seems to be more effective than glucose in favouring nitrate 
absorption. For other species diverging results have been obtained (unpub- 

Physiol. Plant., 10, 1957 


930 GÖRAN STENLID 


lished experiments by the author), as is to be expected if the initial carbo- 
hydrate status of the root and the varying sensitivity to toxic sugars are im- 
portant for the effect of externally applied sugars. 

The present data support the view that sugar has a special function in the 
absorption of nitrate. The effect of washing may be explained with the de- 
crease in the sugar content, and the sugar requirement seems to be greater for 
nitrate than for chloride accumulation. It should be mentioned, however, thai 
the addition of a metabolite in Jow concentrations to the cell surface may give 
great effects though large reserves are present in the root (cf. Bennet-Clark 
and Bexon 1943, MacMillan 1956). The sugar concentration also varies be- 
tween different parts of the root (Wanner 1952). As demonstrated by experi- 
ments with toxic sugars (Stenlid 1957) the total sugar content of the roots does 
not seem to be immediately available for the accumulation of ions. If sugar 
phosphates play an important role in the process, analyses of free sugars may 
also be rather irrelevant in this connection. Provided that the accumulation 
of nitrate and chloride takes place at different sites in the cell, the internal 
supply of sugar may be used to different extent in the two processes. In such 
a case it is a delicate task to draw any conclusions about the real requirements 
from effects obtained with “extra” sugar. 


The Effect of Salicylic Acid 


Salicylic acid was found to stimulate chloride accumulation in freshly cut 
wheat roots when applied in concentrations of about 10°? M. Nitrate accu- 
mulation, on the other hand, was distinctly inhibited by the same concentra- 
tions. In roots pretreated with distilled water during 24 hours no increase in 
chloride accumulation was obtained (see fig. 2). Similar results were also 
obtained with benzoic acid (Table 5). Other aromatic substances in corre- 
sponding concentrations as a rule give inhibitions of chloride accumulation 
(see Table 6). 

In a discussion of the effects of salicylic acid some of its properties are of 
a special interest: 

1) In some respects it acts as an auxin antagonist. Root elongation of young 
wheat seedlings is stimulated by salicylic acid (3° 107° M—10-5 M gave a 
stimulation of about 20 per cent over the control in determinations with the 
method used in Stenlid 1957) and also by benzoic acid (Aberg 1956). Aberg 
has also found that the growth inhibition of flax roots caused by 2,4-dichloro- 
phenoxyacelic acid (2,4-D) is reversed by benzoic acid (Aberg 1956) and sali- 
cylic acid (personal communication). Meletti (1955) found that salicylic acid 
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Figure 2. The effect of salicylic acid 
upon the accumulation of chloride and 
nitrate ions in excised wheat roots. For 
the curves “Cl” and “NO3” the roots 
were used without pretreatment but for 
the curve “Cl (pretreated)” the roots 
were treated 24 hours with distilled 
water. For further explanations sec 
p. 924. 
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reversed the stimulatory effect of 2,4-D on mitosis in onion roots. The same 


concentration gave an inhibition of root growth, however. 


As externally applied auxins in higher concentrations inhibit ion accumu- 
lation in wheat roots (Nance 1949, cf. Table 6), it could be tempting to assume 
that the stimulatory effects of salicylic acid are in some way connected with 
its antiauxinic properties. The increased growth might e.g. lead to stimulated 
chloride accumulation. Two other antiauxins, a- (4-chloro-phenoxy) -isobutyric 
acid and 4-chloro-transcinnamic acid have therefore been tested for their 


effects upon chloride accumulation in 


some preliminary experiments 


(Table 6). None of them gave any clear-cut stimulations and a stimulation of 
chloride accumulation is thus under the conditions in this investigation not a 
property common to all antiauxins. The present data are too few and contra- 
dictory to support the hypothesis that the effects of salicylic acid upon ion up- 
take are connected with its antiauxinic properties. 

2) Salicylic acid forms complexes with many metals (e.g. Fe, Cu, Mn, Mo). 
As absorption and assimilation of nitrate needs one or more of these ele- 
ments, an inhibition of nitrate accumulation may be explained by the removal 


Table 5. Effect of benzoic acid upon the accumulation of nitrate and chloride in excised 
wheat roots. No pretreatment in distilled water. Values in per cent of control. For further 


explanations see p. 924. 
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Table 6. The effect of some aromatic substances upon chloride accumulation in excised 
wheat roots (used without pretreatment in distilled water). The values give the accumula- 
tion in per cent of control. For further details see p. 924. 


© ——— 
Concentration M 


Substance added 


10 5 |3 3-10—5| 10—4 |3- 10-4 
Indole acetic.acıd 2 .....0. ea rer _ 72 58, Bess 
2,4-D . ee IR eam OG 70 50 
Triiodobenzoic acid PR ne Pace OO AS eur 60 _ 
4-Cl-transcinnamic acid . ar 100 81 46 8 
a-(4-Cl- phenoxy)isobutyrie acid . Leeson ngs 65 48 
192,062 34 
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of some of these necessary metals (cf. Burström 1949 about the effect of 
n-diamylacetic acid). 

3) In animal tissues (rat brain and rat diaphragm) salicylic acid has been 
shown to act as an uncoupling agent upon oxidative phosphorylation (Smith 
and Jeffrey 1956, Penniall et al. 1956). Its action upon rat brain tissues is 
quite similar to that of 2,4-dinitrophenol (DNP) and it has been suggested 
that its inhibiting action upon the elongation of coleoptile sections is identical 
with that of DNP (Reid 1957). 

DNP and salicylic acid give totally diverging effects upon wheat roots, 
however. DNP increases the oxygen consumption but inhibits growth and 
chloride accumulation. Salicylic acid has no obvious effect upon the oxygen 
consumption when applied in low concentrations (see Table 7), and it stimu- 
lates growth and chloride accumulation. It seems rather improbable that the 
fundamental effects of salicylic acid and DNP should be identical in wheat 
roots. The only effect of salicylic acid which is easily explained by an action 
upon oxidative phosphorylation is the inhibition of nitrate uptake. It should 


Table 7. The effect of salicylic acid upon oxygen consumption in excised wheat roots pre- 

conditioned in distilled water. The composition of chloride control is given on p. 924. Sali- 

cylic acid added after 60 minutes to give the concentrations mentioned. The values are 

means of measurements during 3 hours after the addition and given as per cent of the 

chloride control (a correction is applied for differences in oxygen consumption during the 

first 60 minutes without salicylic acid). The values in brackets give the oxygen consump- 
tion as mm*/hour and 100 mg dry matter. For further details see Table 3. 
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be mentioned that the growth-inhibiting effect of salicylic acid upon cole- 
optile sections may at least partly be explained by its antiauxinic properties. 

4) Enzymes in Krebs cycle are inhibited by salicylic and benzoic acids 
(Kaplan et al. 1954). This may explain the inhibition of nitrate accumulation 
but not the other effects of salicylic acid. 

Summing up it can be said that it seems improbable that the different 
effects of salicylic acid can be explained as conditioned by a single mechanism. 
The inhibition of nitrate absorption is probably due either to removal of some 
necessary metal or to inhibition of a special part of the oxidative metabolism 
coupled to nitrate accumulation or assimilation. The effect upon growth is 
probably connected with the antiauxinic properties of the acid. The present 
data do not permit any conclusions as to the effects upon chloride absorption. 


General Conclusions 


The pretreatment of the tissue used in accumulation experiments is of great 
importance for excised roots. Pretreatment with aerated water increases the 
capacity for chloride accumulation, but decreases the capacity for nitrate 
accumulation. This may be due to special carbohydrate requirements of the 
nitrate accumulation or to removal of some factor inhibiting only the chloride 
accumulation. Salicylic acid is another example of a factor increasing chloride 
accumulation but inhibiting the accumulation of nitrate ions. The complex 
effects of salicylic acid upon biochemical systems indicate that different re- 
actions are responsible for the two effects. Also sugars affect the accumula- 
tion of the two ions in diverging manners, which is probably correlated with 
the special carbohydrate requirements of nitrate accumulation and assimila- 
tion. As a general summing up it can be stated that results obtained with one 
of the two ions chloride and nitrate should not be used for conclusions about 
the absorption or accumulation of the other ion. 


Summary 


1. The accumulation of chloride and nitrate ions in excised wheat roots 
from 3—4 days old seedlings has been studied. 

2. If the roots are pretreated for 24 hours in aerated water chloride accu- 
mulation is increased by 100 to 200 per cent, whereas accumulation of nitrate 
decreases 20 to 30 per cent. 

3. In freshly excised wheat roots the accumulation of nitrate is stimulated 
by glucose and decreased by galactose, whereas chloride accumulation is only 
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little affected. In roots washed with aerated water both chloride and nitrate 
accumulation are increased by glucose and galactose. 

4. Salicylic acid in concentrations of 10-4 M—3 10? M increased the 
accumulation of chloride ions by 30 to 40 per cent. Higher concentrations 
(10-3 M) inhibited the accumulation of chloride. Accumulation of nitrate 
ions is inhibited by 3 - 10-°— 10? M salicylic acid. 

5. It is concluded that results about ion accumulation obtained with one 
anion cannot be used for conclusions about the accumulation of other anions. 
This is probably due to at least two factors: 

a) different ions are absorbed via different sites or carriers in the 
cytoplasm. 

b) different ions have different requirements as to carbohydrates and other 
substances necessary for ion accumulation. 


This investigation has been supported by a grant from Magnus Bergvalls Stiftelse, 
Stockholm. I am indebted to Mrs Ellen Melin for technical assistance. 
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> 


For some time it has been attempted in this laboratory to improve a tech- 
nique for determination of the phytohormone level in human blood (Macht- 
Livingstons method, Macht 1941). The determinations were carried out by 
means of root tests by measuring the elongation for samples of intact Lupinus 
albus-roots immersed in nutrient solutions containing sera. During this work 
it appeared, as might be expected, that the temperature around the plants had 
an extremely great effect on the rate of root growth. It was noi difficult to 
obtain a very great constancy of the temperature of the liquids in which the 
roots were submerged during the tests, but only by making considerable extra 
arrangements was it possible to keep the air temperature around the cotyle- 
dons within the same narrow limits throughout the testing period. The ques- 
tion then arose whether variations in the cotyledon temperature might have 
any influence on the rate of growth of the root when the temperature in the 
liquid around the growing part of this organ was maintained constant, and 
whether a regulation of the temperature of the air around the cotyledons 
might give a more uniform elongation of the roots which were kept under 
uniform conditions in tests or control tests. 

It appears that investigations of these problems which are of interest also 
to the germination physiology have not previously been carried out. 


Technique 


Medium-sized seeds (about 10 mm in diameter in the dried state) of Lupinus albus 
L., of the latest, or latest but one, Italian crop, were used. The seeds were kept in 
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water for imbibition for 24 hours at 20°C, which gave a maximum absorption of 
water. Next, the seeds were placed for germination in glass vessels on sphagnum 
beds, containing 300 per cent of water, calculated on the basis of absolute dry matter. 
The glass vessels were covered with lids which were not closed completely airtight, 
and left in a dark room at a constant temperature (20°). After about 60 hours the 
roots were adequately long to be used in serum tests, for which, as a rule, only 
sorted-out seedlings with roots having a length of between 40 and 50 mm 
were used. 

The seedlings were removed one by one from the germination bed with a pair of 
pincers, and cleaned of sphagnum with a soft brush. The length of the root, from 
crown to tip, was measured under a big hand lens by means of a slide caliper and 
with an accuracy of 0.1 mm. Finally, each individual root was dipped and rinsed 
several times in distilled water, after which the seedling was fit for use in tests. In the 
experiments described here the sedlings were set to grow with the whole root im- 
mersed in a test tube with Shive’s three-salt solution (Shive 1915), though without 
iron addition, in accordance with the procedure used for control tests in the serum 
examinations. i 


The test tubes were grouped in racks with 20 tubes in each rack, and covered with 
pieces of tinfoil with a small hole at the centre of each tube. The seedlings were 
placed in the holes so that only the cotyledons were above the tinfoil screening, which 
served to reduce as much as possible the heat exchange between the cotyledons and 
the liquid around the roots. The testtube racks with seedlings thus prepared were 
then placed in a water bath at 15°C. The water bath as well as the admission and 
discharge water lines were wrapped up entirely in tinfoil. 

The cotyledon temperature, i.e. the air temperature in the chamber in which the 
water bath was placed, could be varied and adjusted between —5° and +50°. The 
constancy of the temperature during each single experiment was checked with a 
thermograph; the greatest variation was plus/minus 0.3°. The Water-bath tempera- 
ture (15°+0.1) was controlled by means of a cyclotherm (supplied by Messrs. 
Struers, Kobenhayn). At high air-temperatures a suitable cooling of the circulating 
water was obtained by passing it through a long copper pipeline spiral placed in a 
refrigerator. For each experimental temperature an empirically conditioned state of 
equilibrium had to be found, which often called for many days’ watching before the 
actual test could be commenced. 

After exactly 24 hours’ growth the root lengths were measured again. The length 
increments were recorded and treated statistically as explained below. As a standard 
of comparison (blank value) for each experiment the growth of roots was measured 
in experiments which were carried out concurrently in a separate chamber where 
both cotyledons and roots were kept at the same temperature (15°). 

In an investigation by itself the effect of the temperature on the growth of the 
root when the whole seedling was kept at the same temperature was examined. 

Treatment of the results. By examination of a very large amount of material it 
was found that the increment in roots of Lupinus albus seedlings at the stage of 
development concerned showed a normal statistical distribution. In the statistical 
treatment, n denotes the number of roots used in each experiment; X the average 
length increment in an experiment in 24 hours; sz the standard deviation on x; +t 055% 
denotes the 95 °/o confidence limits for X; * indicate probability of difference in the. 
95 °/o level; ** probability of difference in the 99 °/o level (Snedecor 1956) 
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Table 1 gives average initial lengths of roots, i.e., the average length of the roots 
in an experiment before they were set to grow in the test tubes. In no case did the 
initial lengths deviate more than +5 mm from the indicated values. 


Results 


Effect of the temperature on the growth of the root when the whole seed- 
ling is kept at the same temperature. The results of these experiments are 
found in Figure 1. The minimum and maximum temperatures were not 
determined; the optimum temperature lies around 22—-23°C. For all the re- 
sults, 95 per cent confidence limits are given for the individual determinations 
concerned. The 15°-value corresponds to the average increment in growth of 
487 roots, used as a basis of comparison in the cotyledon temperature experi- 
ments, and thus gathered from several test dates (see below). All the other 
values correspond to the average increment within the same test date and of 
at least 40 roots. 

The literature on root growth comprises but few detailed works on the 
effect of temperature on the rate of elongation. 

Leitch 1916 investigated the rate of growth of pea seedling roots at dif- 
ferent temperatures and found the minimum at —2°, the optimum at 26— 28°, 
and the maximum at 45°C (22.5-hours’ experiments in moist air). Barney 1951 
discussed in a statistically well-founded work the average length increment 
per 24 hours of roots of loblolly pine (Pinus taeda) seedlings. The measure- 
ments were made in a loamy greenhouse soil wetted to field capacity. His 
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Figure 1. Effect of temperature on rate of root 
elongation. Lupinus albus-seedlings  (incre- 
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Figure 2. Increase in length of roots (24 hours) 
of Lupinus albus-seedlings, used as standards 
of comparison on various test dates. Both 
root and cotyledons at 15°. 


curve (minimum temperature about 3°, optimum about 25°, and maximum 
about 35°C) shows great resemblance with the curve in figure 1. 

Effect of the cotyledon temperature. In the experiments a comparison was 
made on each test date between (1) the rate of growth (increment in 24 hours) 
of roots of seedlings with cotyledon temperature differering from the root 
temperature (15°) and (2) the rate of growth of roots where the whole seed- 
ling was kept at 15°. Figure 2 gives a survey of the growth of the latter roots 
on each individual test date as basis for an examination of the uniformity of 
the comparison material. The average of all the standards of comparison is 
20.7 mm with sx at 0.4 and t 5x at 0.8 mm. The total number of roots was 487. 

For each individual value in the Figure, 95 per cent confidence limits are 


Table 1. Rate of elongation of Lupinus albus roots at varied cotyledon temperature. 
* or ** indicates the significance degree of the increment from the standard of comparison 
on the same test date. 


Coty- Linvid No. of Average 952% % ofstan- 
5 ledon- My roots in Initial length confidence | dard with 
Test date tempera- e a 
(1956) tempera- ER each ex- length increment limits 95% 
ture °C periment mm x t 58x confidence 
XG; F n mm/24h mm limits 
8/10 15 15 40 43.9 21.0 + 0.9 100 
— 4 15 40 43.7 8.8 ** + 1.2 42 +6 
17/9 15 15 58 46.4 21.3 + 0.8 100 
3 15 78 46.3 14.7 ** + 1.2 69 +6 
8/9 | 15 15 70 44.7 20.2 + 0.7 100 
5 15 70 45.4 18.3 ** + 0.9 91 +6 
30/8 15 15 60 46.4 19.3 =E 0.7 100 
20 15 80 48.4 19.8 + 0.7 103 +5 
22/10 | 15 15 60 51.3 20.3 07 100 
30 15 80 52.3 21.3 * + 0.7 105 +5 
| 29/10 | 15 15 79 54.3 21.2 + 0.6 100 
| | 35 15 60 54.2 20.3* + 0.7 96 +4 
Di lee 15 15 60 46.4 21.6 + 0.8 100 
50 | 15 58 46.4 19.4** + 0.9 90 +5 
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Figure 3. Effect of coty- 
ledon temperature on 
rate of root elongation 
of Lupinus albus-seed- 
lings. Root elongation of 
seedlings where both 
root and cotyledons were 
kept at 15° is used as 
comparison standards on 
each test date. 
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stated. The regression coefficient is calculated to be +0.219, which is signifi- 
cantly different from 0 with 95 per cent probability; this suggest that a slight 
increase in the comparison values has appeared during the work. This in- 
crease in values is, however, accidental for the experimental period dealt with 
in this paper. If more standards of comparison from other experimental 
series covering a period of more than half a year are included in the calcula- 
tions, no regression is found. 

The results of the experiments with varied cotyledon temperature are 
gathered and treated statistically in Table 1. The growth of the roots where 
both root and cotyledons were kept at 15° is put at 100 for each individual 
test date. 

For the test date 30/8 (Table 1 and Figure 3) it will be seen that 5° higher 
temperature of the air around the cotyledons, in comparison with that of the 
liquid around the roots, is not registered by a changed rate of growth in the 
root tip; 15° higher temperature (22/10) gives a negligible increase in the 
rate of elongation, whereas 20° increase in temperature (29/10) causes a 
negligible and 35° (5/11) a somewhat greater, 99 per cent reliable, reduction 
in the rate of root elongation, as compared with the rate for seedlings at 15° 
(the dashed line in Figure 3). 

For the test date 8/9 it will be seen that a 10° decrease in the cotyledon 
temperature, from 15° to 5°, causes a slight, but 99 per cent reliable, reduc- 
tion of the rate of root growth; a further 2° decrease of the cotyledon tempe- 
rature to 3° (17/9) causes a reduction of the rate of elongation to about 70 per 
cent of the corresponding comparison standard, whereas a decrease in the 
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cotyledon temperature to —4° reduces the rate of growth of the root to 
about 40 per cent. 

Figure 3 taken as a whole thus reveals a broad optimum for the effect of 
the cotyledon temperature on root elongation, lying between 5° and 35°, with 
an abrupt fall in the temperature range below 5° and a slow fall at tempera- 
tures above 35°. 

A comparison between Figure 1 and Figure 3 shows that it is the tempe- 
rature around the root which is decisive for the rate of elongation. The supply 
of nutrients from the cotyledons to the root must be considered optimal, even 
when the cotyledons have a temperature which is considerably lower than 
the one prevailing around the growth zone of the root. 


Conclusion 


The temperature in the cotyledons of Lupinus albus L. has, within a wide 
temperature range (5 3510 hardly any effect, or none at all, on the rate 
of growth of the root in 24 hours’ experiments. 
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Several investigators have studied the production of nitrogenous substances 
which are excreted by different blue-green algae (Allen and Arnon 1955, Alli- 
son and Morris 1932, De 1939, Fogg 1942, 1951, 1952, Henriksson 1951, Magee 
and Burris 1954, Watanabe 1951). The results obtained from the researches 
are especially interesting if the mutual relations between the algae and other 
organisms which they are living together with in Nature are to be studied. 

My earlier investigations (Henriksson 1951) of the symbiotic blue-green 
alga Nostoc sp., isolated from the lichen Collema tenax (Sw.) Ach., em. Degel., 
showed that about a quarter of the nitrogen fixed was given off to the me- 
dium. However, Magee and Burris (1954) who studied the fixation of mole- 
cular nitrogen by the free-living Nostoc muscorum, arrived at the result thal 
only 5 per cent of the totally fixed nitrogen was to be found in the medium. 
It seemed to me, therefore, to be of interest to find out if a real physiological 
difference was present between these species, or if it only was different cul- 
ture conditions which affected the results of the experiments. 

Regarding the symbiosis between the alga and fungus in the lichen Col- 
lema, it seemed to me also to be of great interest to investigate if this sym- 
biotic Nostoc strain gives off the same quantity of combined nitrogen when 
the alga assimilates nitrate as when it fixes molecular nitrogen. Similar re- 
searches have been performed by De (1989) on Anabaena variabilis and 
A. gelatinosa, isolated from Indian rice-fields, and on the fresh-water alga 
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A. cylindrica Lemm. by Fogg (1942, 1952). However, they stated that there 
was no remarkable difference in the amounts of extracellular nitrogen in 
these cases. 

Experiments have thus been carried out to determine the excretion of com- 
bined nitrogen by the symbiotic alga Nostoc sp., isolated from the lichen Col- 
lema tenax (Sw.) Ach., em. Degel., when the alga is growing with and with- 
out nitrate under different conditions: (1) slowly shaken cultures to receive 
submerged cells, and (2) unshaken ones to keep the cells floating at the sur- 
face of the medium. In addition, an experiment. with different amounts of 
nitrate has been performed. 


Culture Conditions and Methods 


In the experiments with molecular nitrogen as nitrogen source the nutrient solu- 
tion was the following, modified from that of Bristol (1920): K,HPO, 0.5 8, 
MgSO, : 7H,0 0.15 g, CaCl, : 2H,0 0.05 g, NaCl 0.05 g, ferric citrate 0.01 g, citric 
acid 0.01 g, Na,MoO, : 2H,0 0.25 mg, redistilled H,O 1000 ml. In the experiments 
with nitrate, NaNO, was added in different concentrations. Some days after the 
autoclaving, the pH of the nutrient solution was about 7.6. The alga was grown in 
conical Fernbach flasks (Pyrex) of 1800 ml capacity. In each flask 500 ml of the 
medium was used. The illumination came from two different kinds of fluorescent 
lamps from the Swedish factory Luma, ‘warm white’, and ‘dark blue’, placed alter- 
nately. The light was on uninterruptedly, its intensity amounting to about 1000 Lux. 
Some of the cultures were continously shaken. 


The inoculation material was about 8 weeks old, and it was grown under shaking 
conditions in the same nutrient solution as the experimental one. To make sure that 
the alga was uninfected by bacteria or mould, the inoculation material always was 
tested in a medium recommended by Pringsheim (1940 p. 70). 3—15 ml of the algal 
suspension, depending on its density, were inoculated into each flask. On the 
whole it proved unsuitable to use a smaller amount of the suspension or to re- 
move the old nutrient solution through washing, because in such cases the growth 
was quite variable or was not at all forthcoming. However, in the experiment with 
different concentrations of nitrate, 1 ml of a relatively dense inoculum was used. 
The concentration of NaNO, in the inoculum was then about 0.5 mg per ml. The 
inoculation method earlier used (Henriksson 1951), i.e. transferring whole pieces of 


an algal culture, which had been grown on agar proved also to give more variable 
growth than the method described. 


To determine the dry weight of the algal cells, the algal solution was filtered 
through glass filters with a pore size of 90—150 u (Pyrex 111). The algal cells were 


washed twice with distilled water, and the washings were added to the medium. The 
solution was then filtered once more through a paper filter. 


The nitrogen content of the medium as well as that of the alga was determined by 


means of the titrimetric micro-Kjeldahl method described by Milton and Waters 
(1949). 
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Results of Experiments and Discussion 


In spite of repeated experiments the methods mentioned above did not pro- 
duce such thick blue-green floats of alga on the surface of the medium as was 
obtained earlier (Henriksson 1951). Instead, in cultures which were not 
shaken, thin floats were formed on the surface, but a great part of the alga 
grew submersed attached to the glass. In all the cultures which were standing 
still, the colour of the alga was olive green. In shaken cultures, on the other 
hand, the alga was blue-green in colour. In these latter experiments some part 
of the alga adhered to the glass in the splash zone. 

Allen and Arnon (1955) have done experiments to compare the growth of 
Anabaena cylindrica Lemm., when the cultures were shaken and not shaken. 
The yield in both cases was almost the same. The dry weights from four dif- 
ferent experiments with Nostoc sp. are presented on Table 1. From these 
values it can be inferred that the results are in principle the same for this 
species of nitrogen-fixing blue-green alga as for Anabaena cylindrica Lemm. 
It appears from the table and from Figure 1 that the production of extra- 
cellular combined nitrogen differs greatly between cultures growing under 
different conditions. After eight weeks a noticeable senescens set in. 

During the whole time of the experiment no extracellular combined nitro- 
gen was produced in the presence of 0.5 g NaNO, per liter when the cultures 
were shaken, and after two weeks only small amounts of extracellular nitro- 
gen were found in the medium when the cultures were standing still. This 
result is in contradiction to the assumption that the amount of combined 
nitrogen excreted by nitrogen-fixing blue-green algae is in principle the same 
if they assimilate ammonium or nitrate instead of the free element (De 1939, 
Fogg 1942, 1952). 

The capacity of fixing molecular nitrogen is evidently the same in shaken 
cultures for this strain of Nostoc as for Nostoc muscorum investigated by 
Magee and Burris (1954), who found that in aerated cultures 5 per cent of 
the totally fixed nitrogen was given off to the medium by the alga. 

It is remarkable that the nitrogen content of the alga was much lower in 
unshaken cultures with nitrate than in the other cases. (Table 1). The reason 
for this has not yet been investigated. 

Table 2 gives the amounts of extracellular nitrogen in shaken cultures with 
different concentrations of NaNO,. The same results were here obtained in 
cultures with 100 mg NaNO, per liter or less as in cultures without NaNO,, 
but when the concentration of NaNO; amounts to 500 mg per liter, no nitro- 
genous substances were given off to the medium. De and Fogg used a con- 
centration of max. 200 mg KNO, per liter, and therefore the conclusions may 
not be valid for higher nitrate concentrations. 
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Figure 1. Mean content of 10 ©= 
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added per liter. 

® Shaken. Without NaNOs. 
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The Symbiotic Problem 


That fixation of elemental nitrogen really occurs in the lichen body, has 
been demonstrated on Collema granosum by Bond and Scott (1955) using 
isotopic nitrogen. Further investigations with that method have been per- 
formed by Scott (1956) on Peltigera praetextata. 

When studying the anatomy of the lichen Collema, one usually finds no 
intimate connection between the hyphae and the algal cells (Degelius 1954 
p. 49). These lichens are growing on substrata which are very poor in soluble 
organic substances. It is evident, therefore, that the mycobiont (Scott 1957) 
is dependent on the organic substances which are given off by the alga, either 
through excretion by living cells or through autolysis. 

From the experiments reported above it can be concluded that a necessary 
requirement for this type of lichen is that its phycobiont (Scott 1957) is grow- 
ing under conditions which favour the excretion of organic nitrogenous 


substances. 


Summary 


A symbiotic Nostoc strain, isolated from the lichen Collema tenax (Sw.) 
Ach., em. Degel., has been demonstrated to give off different amounts of 
nitrogenous compounds to the medium when growing under various con- 
ditions. 

1. In continously shaken cultures the excretion of combined nitregen was 


less than in unshaken ones. 
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9. In media with a relatively high concentration of nitrate no excretion of 


combined nitrogen took place in shaken cultures. 
3. At lower concentrations of nitrate the excretion of nitrogenous substances 
was the same as in cultures without nitrate. 


This work was aided by a grant from the Swedish Natural Science Research Coun- 
cil. The author is indebted to Miss Monica Norell for valuable technical assistance. 
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Introduction 


In a recent report (Das, Patau, and Skoog, 1956) treatments with kinetin 
and indoleacetic acid (IAA) together were shown to induce high mitotic and 
cytokinetic activities in excised tobacco pith tissue cultured in vitro. The pre- 
sent paper deals with the effects of these two substances on another major 
phase of cell reproduction, deoxyribonucleic acid (DNA) synthesis which pre- 
sumably reflects the reproduction of chromosome ‘strands’. 

Stimulating effects of IAA or other auxins on the mitotic rate in various 
plant tissues have been described by numerous investigators (see Snow, 1935; 
Levan, 1939; Huskins and Steinitz, 1948; Therman, 1951; D’Amato, 1952; 
Jablonski and Skoog, 1954; Naylor et al., 1954; Chouinard, 1955). These 
observations did not reveal whether auxin primarily induced DNA synthesis, 
or whether it merely stimulated mitosis in cells which had already undergone 
DNA doubling, or whether it affected both processes. It is clear from our 
earlier report (Das et al., 1956) that combined treatments with IAA and kine- 
tin do promote DNA synthesis, for they caused the descendants of certain 
cells to divide continually. 

Because DNA synthesis takes place in interphase three interphase stages 
can be distinguished on the basis of nuclear DNA contents. If the DNA con- 
tent characterizing phase I of a haploid nucleus is designated as C, that of 


1 Patau, Dept. of Pathology; Das and Skoog, Dept. of Botany, University of Wisconsin, 


Madison, Wisconsin. 
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a diploid would be 2 C and that of a tetraploid 4 C, etc. In phase II, the period 
of duplication, the DNA content rises to that of phase III which is 2 C in a 
haploid nucleus, 4 C in a diploid, etc. Phase III is not always followed by 
mitosis. In differentiated tissues phase III nuclei may keep their DNA con- 
tent unchanged or may undergo further DNA duplication to attain higher 
levels of ploidy. It is a question whether in a non-dividing tissue, such as pith, 
nuclei which have stayed for a long time in interphase HI can enter into 
mitosis without first undergoing another DNA doubling. Certain results of 
the present investigation seem to bear on this question. 

Since the nuclei of Nicotiana pith tissue fall into various polyploidy classes 
(Bradley, 1954; Naylor et al., 1954) it is especially desirable to determine the 
DNA contents of individual nuclei rather than the average nuclear DNA con- 
tent in the tissue. This was done by microspectrophotometric measurements 
of Feulgen dye contents of nuclei. The method used is capable of high accu- 
racy provided that certain error sources, partly arising from peculiarities 
of pith tissue, are carefully analyzed. Furthermore, much of the information 
in the present data required statistical evaluation. It has been necessary to 
describe the needed procedures in some detail. 


Material and Methods 


The culture of Nicotiana tabaccum pith tissue and the sampling procedures have 
been described by Das et al. (1956). The DNA measurements were made with some 
of the Feulgen stained 50 u thick sections which previously had been used for nuclear 
and cell counts (Das et al., 1956). 

The thickness of the sections, needed for finding a sufficient number of uncut 
nuclei, was bound to introduce appreciable non-specific absorption and, therefore, 
to lower the accuracy of the DNA measurements, The term ‘non-specific absorption’ 
is used in the widest sense to include not only all absorption in the field other than 
by Feulgen dye but also light loss by scattering. Attempts to avoid sectioning were 
unsuccessful. Pith tissue is not suitable for making ordinary Feulgen squash prepara- 
tions. Feulgen staining ‘of pith cells isolated by pectinase digestion (cf. Setterfield 
et al., 1954) did not give consistent results; many nuclei showed hardly any stain, 
a condition never observed in sections. 

Preliminary DNA measurements indicated that a hydrolysis time of eight minutes 
in IN HCl at 60+1°C produced maximum Feulgen staining of nuclei. Consequently, 
all slides to be used for DNA measurements were hydrolyzed under these conditions. 
The sections on each slide had been taken from tissue blocks collected at the same 
time from four treatments including control, and each treatment was represented by 
at least six serial sections. Three slides were prepared for each time period with dif- 
ferent arrangements of the groups of six sections. When the number of different 
time periods was five (or less) the 15 (or less) slides were randomly placed together 
in one slide holder for hydrolysis and staining. When the number of slides exceeded 
the capacity of the slide holder, three replicate batches of slides were run successively 
Physiol. Plant., 10, 1957 
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Figure 1. Determination of ho (k1=4900 A). 
Ordinates in logarithmic scale. 
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through hydrolysis and staining under as constant conditions as possible. In this 
manner one set of slides (group I) representing one tissue block from each time and 
treatment was prepared. A second set of slides (group II) was made about three 
months later from the duplicate tissue blocks collected in the same experiment. 

Relative amounts of Feulgen dye in nuclei were determined by means of the micro- 
spectrophotometric two-wavelengths method (Patau, 1952; Ornstein, 1952). This 
method requires, for each given batch of Feulgen dye, two wave lengths, A, and i,, to 
be selected so that the extinction coefficient at A, is twice that at A,. If A, is chosen 
close to the absorption peak of the Feulgen dye, errors arising from non-specifie 
absorption and random errors due to photometric noise will be at a minimum; hut 
in case of an intensely stained object distributional errors may no longer be neglig- 
ible. The opposite holds true when A, is selected from the tail region of the Feulgen 
absorption curve. Thus, the choice of the wave lengths is necessarily a matter of 
compromise to keep each of these errors sufficiently small. 

After some experimenting À, —4900 À was selected. For the determination of 7, 
the procedures adopted by Patau (1952) and Srinivasachar (1953) were followed, 
using a spot of 5 u diameter inside a nucleus which was lightly stained and relatively 
homogeneous in dye distribution. Instead of the best estimate 5132 Ä (Figure 1) the 
more convenient value À, = 5130 À was selected, the difference being negligible. The 
same batch of basic fuchsin (Coleman and Bell Co., dye content 95 per cent, CI’ 40) 
was used throughout this investigation. 

From each tissue sample at least 16 technically suitable nuclei were picked for 
measurements in a strictly random manner. However, from tissue collected after 
6 1/2 and 7 1/2 days of treatment only nuclei in newly formed cells were measured. 
Technical suitability means that the nucleus is surrounded by a field free of other 
nuclei or other major obstructions to light, and that the nucleus is complete. 
Completeness was assumed only, if under a phase contrast microscope with an oil 
immersion objective a plasma layer could be seen between the nucleus and each 
surface of the section. To minimize reading errors the transmission measurements 
were done in the sequence suggested by Srinivasachar (1953). For a sample computa- 
tion see Table 1. The instrument used has been described by Srinivasachar (1953). 

Because of the time required for each DNA determination the measurements had 
to be restricted to only a few selected treatments. On the basis of known effects on 
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Table 1. Sample computation of the relative DNA content (y) of an 8C nucleus from con- 
trol tissue. Yı, Ye: first and second replications; y’ı, y’2: same after fading correction. 


oo 


À, — 4900 A À — 5130 A x 
~Galvano- | Galvano- Ee E 
Dat meter meter Æ Oo C1 Yy— 302 Yy 
ate’ Reading: |T,=|L,= Reading: |T,= | L,—= |L,/L, BL,C 2e § &|==Pyyv 
Nucl.| Blank Lo |1—T Nucl.| Blank zo |1—T = 
I, Lo L; Lo E 
28.1 | 30.9 | .9094 75.0 | 90.0 | .8333 Yi = ve _ 
en .0883 1637 | 1.854 [1.081 | 29.24 | 1 29.24 
u 26.6 | 29.1 |.9141 71.6 | 85.3 | .8394 
1955 Ser ere 
9117 .8363 
| Oct 29.3 | 31.3 | .9361 78.5 | 89.0 | .8820 Ye —= va 
vai .0641 .1185 | 1.849 | 1.085 | 21.30 | 1.288 | 27.43 
1120.21 28:001F9997 70.3 | 79.8 | .8810 
1955 
9359 .8815 


y=28.3 
1 From Patau’s (1952) Table 1. 
2 B, the field area in arbitrary units, was 306.3. 


growth and exploratory experiments on DNA synthesis the concentrations of 2.0 mg/l 
of IAA and 0.2 mg/l of kinetin were chosen. After having measured one replication, 
Y., per nucleus from 14 tissue samples of the combined treatment, each from a dif- 
ferent time (including those indicated in Figure 2 B bottom, right), 0, 1, 1 1/4, 3 and 
3/2 days were selected as the times most likely to yield information on DNA syn- 
thesis. The study of the effects of IAA and kinetin alone on DNA synthesis was, there- 
fore, done with tissue blocks collected at these times (see Figure 2 B). After measure- 


Table 2. Computation of a correction factor, P, for the fading of Feulgen dye. 


Time Between Slide Group 
| 2 Replications i 
À : I I Weighted ze 
(Vs Ya) in Units we ME Vo 
of 2 Weeks Number of| Mean of | Numberof| Mean of 4 
Each Nuclei YilYe Nuclei YılYa 
Z N Q, N Q, Q, =P 
QT AED a ER er Warn len Fe 
2 3 121 — — 1.21 1.100 
3 == - 57 1.10 1.10 1.032 
il 32 1.06 120 1.16 1.14 1.033 
fl 1.10 
5 80 1.08 48 1.30 1.16 1.030 
| 6 80 1.17 48 1.23 1.19 1.030 
7 64 1.26 — — 1.26 1.034 
8 32 1.33 -- = 1.33 1.036 


Weighted mean of p,: P=1.0322. 
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Table 3. Correction for difference in staining between slides prepared at two different times 
(groups I and II) from simultaneously fixed tissue blocks. The weighted mean, T—1.2984, 
of all T in the last two columns served as conversion factor for making the y values from 
II comparable to those from I. 
ee a eee 


I II Fo UE Fe 
Time of Av C2 f r a = I = YlYır 
Treatment Treat. S ae ri tp ie (No. of nuclei) 
in Days Selecte ass Selected Class x | 
4C 8C 4C Sc LCE sc 
(Kon) ae 0 IS 29.04 11.10 22.63 1.367 1.283 
(14) (19) 
Contol. ..:.....- | 31/2 16.59 31.51 12.18 24.49 1.362 1.287 
(16) | (15) 
NEN Sore cee aan eee 11/4 — 30.54 == 25.56 — 1.195 
| (25) 
AA ETES. PERL : 3 — 3272 — 24.34 u 1.344 
(24) 
HUAN AGRE ae PME Ss 31/2 — 30.89 — 25.82 = 1.196 
(20) 
Kinelin®e. er 11/4 — 31.65 — 24.29 — 1.303 
(20) 
| CINE. 27. 0m 31/2 — 33.41 — 25.91 — 1.289 
| (23) 
IAA and Kinetin .. 3 -— 34.16 — 24.74 — 1.381 
| (26) 


1 Selected for having at least 7 nuclei forming a well-defined class. 


ments of all selected nuclei from group I and group II slides a second replication, y,, 
was determined for each of these nuclei. 

In general y, was appreciably lower than y, from the same nucleus, showing 
that between the two measurements some fading of the Feulgen dye had taken place. 
Consequently, a correction for this fading became necessary to render y values 
measured at different times comparable. To simplify the computation, the whole 
time involved in the measurement of group I slides was divided into periods of two 
weeks each. The same was done for group II slides. In either case the first period 


began two days after the slides were made. The evaluation of the fading ratios, y,/Y,, 
P m 
in Table 2 indicated that in each period about 3 per cent (=100 P ; P=1.0322) of 


the still existing dye was lost (the slides were mounted in Herleco Synthetic Resin 
and kept in a refrigerator between measurements). Therefore, a correction factor of 
Pn—! was applied to all replications determined in the nth period. The average of 
the two corrected replications, y, and y, was used as the DNA value, y, for nuclei 
from group I slides. 

In the case of group II slides the y values corrected for fading still required a 
correction for difference in staining between groups I and II slides. Table 3 shows 
that every well-defined class mean in group II was smaller than the corresponding 
value in group I. Since the tissue blocks used in groups I and IT were random samples 
from the same plant material and were fixed simultaneously, the difference must 
have been due to insufficient control of the conditions for making Feulgen slides or 
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to aging of the Feulgen solution. Multiplication of y values (corrected for fading) 
from group II by 1.2984 (see Table 3) permitted all y values from both groups of 
slides to be pooled. The y values (corrected) from tissue blocks which had received 
the same treatment for the same duration will henceforth be called a ‘sample’. 


Results 


A. DNA classes in pith tissue 


In most samples, including all controls, the great majority of nuclei fell 
into two to four distinct DNA classes (Figure 2 B). These could be identified 
as 2C, 4C, 8C, and 16 C because metaphases with about 48 and 96 chromo- 
somes similar in appearance to the 48 chromosomes in root meristem mitoses 
were found to be 4C and 8C respectively. In the pith 4C and 8C nuclei 
were always predominant. 


In Figure 2 B it is seen that in all four cases there is an unmistakable positive 
regression of the class values on time. This can be ascribed to an increase of non- 
specific absorption (n.s.a.). In control as well as in treated material a progressive 
accumulation of small cytoplasmic particles occurred around the nuclei. This pheno- 
menon was striking enough to facilitate greatly the finding of nuclei in unstained 
sections. For a quantitative analysis twelve nuclei were selected at random in un- 
stained but hydrolyzed sections from tissue blocks fixed after 0 and 31/2 days of 
treatment with kinetin and IAA. Measurements of the transmission of fields contain- 
ing these nuclei, as always relative to blanks outside the sections, revealed that the 
non-specific light loss increased with time from about 0.5 to 2.0 °/o, or more (Table 4; 
the difference in transmission between the two wave lengths at 3 1/2 days suggests 
that the loss was largely due to scattering by very small particles). The average trans- 
missions in Table 4 were then divided into the transmissions obtained from fields 
containing 8 C nuclei in corresponding stained slides (cf. Srinivasachar, 1953). 
y values were computed from these corrected transmissions in the same manner as 
had been done previously from uncorrected transmissions. This allowance for n.s.a. 
lowered the 8 C class means at 0 and at 31/2 days from 29.2 to 25.7 and from 35.5 
to 22.0 respectively (number of nuclei: 19 and 17), that is, instead of an increase 
there was a slight decrease of the class mean with time. No significance can be 
attached to this decrease since the correction, while demonstrating the magnitude of 
errors from n.s.a., does not take into account the variation of n.s.a. between fields 
containing different nuclei. This variation, as manifested in Table 4, seems to be due 
to noticeable differences in the amount of the above mentioned cytoplasmic particles 
around the nuclei. 

No doubt the variation in n.s.a between nuclei increased the intra-class variation 
of the y values to some extent. Apart from that, the effects of n.s.a. were irrelevant 
for the present study. They obviously did not noticeably disturb the 1:2:4:8 
relationships of the class means (Fig. 2 B). Since the spurious regression of each class 
mean on time was approximately the same in differently treated material (Table 5), 
it was possible to eliminate it almost completely by using the sliding DNA scale pro- 
vided by the regression lines in Figure 2 B. The regression best fitting all treatments 
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Figure 2. Frequency of mitoses (A) and distribution of nuclear DNA contents (B) in tissue 

cultured on basal medium with or without kinetin or IAA or both. Ordinates in logarithmic 

scale (for discussion of the, spurious, regression of class values on time see text). Top: 

all DNA values based on two replications each. Bottom: (1) —one replication, (2) = lwo 

replications per nucleus. Number of nuclei at 0, 12/4, b/s, 3, dye days each: at least 32 
(from 2 tissue blocks), otherwise 16 (1 tissue block). 
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Table 4. Increase in non-specific absorption with time of treatment (IAA and kinetin to- 


gether). Transmissions of fields each containing an unstained but hydrolyzed nucleus. 
0 Day Treatment (6 nuclei): | 31/2 Days Treatment (6 nuclei): 
; Average of Average of Average of Average of 
Two Pairs of Two Pairs of Two Pairs of Two Pairs of 
Readings at Readings at Readings at Readings at 
À, = 4900 A À, = 5130 A À, = 4900 A À, = 5130 5A 
| | 
.9916 .9888 .9715 .9748 
.9946 .9978 .9770 .9778 
.9942 | .9948 .9850 .9861 
.9982 | .9986 .9676 .9736 
.9970 | .9988 .9851 .9864 | 
.9950 .9921 .9788 .9820 € 
.9951 .9952 .9775 .9801 


and controls was computed from the y values of interphase nuclei at 0, 3, and 3 1/2 
days. À few apparently intermediate values were excluded. The y values from the 
classes 2 C, 4 C, 8 C, and 16 C were multiplied by 4, 2, 1, and 1/2 respectively and 
then averaged for each time. Thus, one point each at 0 and 3 1/4 days was obtained 
for determining the 8 C regression line (Table 5). 

The conditions affecting n.s.a. may have differed somewhat for interphase and 
mitotic nuclei. This may account for the discrepency, indicated in Figure 4, between 
the average class values of mitotic and of interphase nuclei. 


The interpretation of y values which are intermediate between classes de- 
pends on the magnitude and nature of the intra-class variation. For this 
reason an analysis of variance of the y values around 4 C and 8C in the 0 day 
sample was undertaken. The 4 C values were transformed to the 8C level by 
doubling. The mean, 29.57, of the doubled 4 C values does not differ signifi- 


Table 5. Computation of the best estimate (last column) of the 8C class value at 0 and 31/4 
days of treatment (see text). 


TE 


Time of . | Mean of y Values 2 
Treatment Treatment A ar of Transformed to a Mean 
in Days : the 8C Level ar 
IHControler rear 0 36 29.26 29.26 
Controller: 28 dl Pi 
Kinetint. ne, tee i 28 32.17 
TARA 3 29 33.22 nt 
Kinetin and IAA .. 30 33.57 
3 1/4| 3345 
Controls | | 31 32.24 
Kinetin ver ae Rai 31 | 33.19 
1/» ane 
TAAs, Hd ete Shs Cie 5S rod 33.34 33.89 
Kinetin and IAA .. 30 | 36.06 
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Table 6. Analysis of variance of y values around 4 C (transformed, see text) 
and 8C in the 0 day sample. 
So a a nn BEL Er EEE EEE 


Degrees 
Source of Variation of Sum of Men 
5 Squares | Square 
Freedom 
Between nuclei (intra-class Variation) © 2... ects 32 553.24 | 17.29 | 
Between replications from same nucleus (photometric noise) 33 558.89 | 16.94 | 


cantly from 29.17, the 8 C class mean (t,,—1.25; P=0.28), confirming the 
1:2 ratio of class means. Therefore, the two groups can be pooled. Table 6 
shows that virtually all of the observed intra-class variation is accounted for 
by the random reading errors (photometric noise) which cause repeated 
measurements of the same nucleus to differ from each other. There is no 
indication either of systematic errors in the measurements or of a genuine 
DNA variation. This finding implies in particular that little or no DNA syn- 
thesis took place in the 0 day material. The same conclusion can be drawn 
from the known absence of mitoses and the relatively very slow increase in 
polyploidy (see discussion) in the pith tissue. 

In the remaining four control samples (Figure 2 B top, left, 1 through 3 1/2 
days) a few intermediate y values are apparent. To test whether these have 


Table 7. Statistical analysis of the variation of y values in samples treated for at least 

1 day. Frequencies of logarithmic deviations (X), as expected in absence of genuine devia- 

tions of DNA contents from class values, given by t-distribution with 36 df. and s(X)= 
0.0461 (computed from 0 day values). 


Absolute deviation of log y 
from the logarithm of the ’nea- 
rest’ class value: | Total Test of 
| 
Be tent No. | 0 0.031 0.060 0.093 | Significance 
Probability: 
0.50 0302720415 0.05 1.00 
Control Exp. 64.5 38.7 19.4 6.4 129 DES Ex) 
1—3 1/2 days x = 3.95 
Obs. 70 32 17 10 1129 Je SS 027 : 
0.2 mg/l kinetin Treated—Control | 
1—3 1/2 days Obs. | 66 39 11 12 128 | x2 — 2.26 | 
B=092 . | 
2.0 mg/l IAA pigs 5 10 8 9 39 ue ae | 
pelle 
ae 17 Bz 0.001 ai) Tite} 
2.0 mg/l IAA and] Oops. 8 6 7 oe 39 Ley" es 
| 0.2 mg/l kinetin EE | re = 16.3 
| 11/4 days | 15 P 0.001 
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to be considered as genuine DNA intermediates the following procedure was 
adopted. All y values from the five samples were transformed into quantities 
X (< 0.151), so that X is the smallest of the absolute differences of log y from 
the logarithms of the two neighbouring class values as given by the regression 
lines in Figure 2B. From the 0 day sample the standard deviation s(X) = 
0.0461 was obtained which, according to the above, is almost exclusively due 
to photometric noise. In the remaining samples the standard deviation as 
caused by errors of measurement alone could not be significantly smaller 
than s(X), but might be somewhat larger due to: variation of the increased 
n.s.a. An appreciable incidence of nuclei with genuinely intermediate DNA 
contents should, therefore, manifest itself by a higher number of relatively 
large X values than would be expected in a normal distribution with the 
standard deviation s(X). The fact that no significant excess of large X values 
was found (Table 7) indicates that most or all of the y intermediates repre- 
sented error variants rather than intermediate DNA contents. In the pooled 
five control samples, excluding 11 nuclei which could not be classified with 
certainty, the frequencies of 2 C, 4 C, and 8 C nuclei were 5, 47, and 48 per 
cent respectively. 


B. Effects of kinetin alone 


The addition of 0.2 mg/l of kinetin to the basal medium seemed to induce 
a noticeable number of nuclei to undergo DNA synthesis during the first day. 
This became evident from the fact that at all four times, from 1 through 3 4/2 
days, the relative frequency of 8 C nuclei was markedly higher than in simul- 
taneously fixed control tissue (compare Figure 2 B top, right and left). During 
this period, however, the frequency of intermediate y values was not signifi- 
cantly higher than that in simultaneous controls (Table 7), in other words, 
little, if any, DNA synthesis was induced after one day. 


A quantitative analysis of the kinetin effect is best done with the logarithms of 
the y values from all nuclei of each sample. In the mean of these logarithms (which 
is the logarithm of the geometric mean) every DNA doubling, regardless of class, 
carries the same weight. It is, therefore, possible to compute the number of DNA 
doublings during any period in which no mitoses occurred. Let n be the number of 
nuclei in a given sample at the time t,, s the number of DNA doublings in the sample 
during the period t, to t,, and let log Yo and log y, be the mean logarithms of y at 
the times t, and t, respectively. Assume that there was no DNA synthesis at t, and i, 


and that no mitoses took place between these times. It can be readily shown that 
under these conditions 


s __ log y,—log Yo 
2 log 2 (1) 
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Figure 3. Demonstration of DNA syn- dE 
thesis (during the first day) in kinetin 
treated material. Ordinates (logarithmic «oc- D oo SETS Per en * — 
scale): geometric means of DNA con- = DEREN SENT TEN à Rp 
tents (relative to the regression lines in ne Control n S 
Figure 2B). Each point based on at 
least 32 interphase nuclei. seen - In : f a, \ L 


TIME OF TREATMENT IN DAYS 


Figure 3 shows that the geometric mean of y values in controls did not 
change appreciably during 3 {/2 days of culture and that the same held true 
for kinetin treated material from 1 through 3 1/2 days. This agrees with the 
above result that in this period few, if any, nuclei underwent DNA synthesis. 
The kinetin induced DNA doubling during the first day now manifests itself 
by a difference in the geometric means between treated and control materials 
in the 1 to 3 1/2 day samples. This difference, with t,=3.81 and P=0.03, can 
be considered as real. Since DNA doubling took place mainly or only during 
the first day of the treatment, the four times of fixation from 1 through 
3 1/2 days can be pooled to give one geometric mean of y, 5.4 C, for control 
samples and another, 6.2 C, for kinetin treated tissue. 5.4 C does not differ 
significantly from 5.2 C, the geometric mean at 0 day. In the absence of DNA 
synthesis and mitosis in control material these two values are estimates of 
the same quantity. Because of the absence of mitosis in tissue treated with 
kinetin alone (Das et al., 1956) eq. (1) can be applied. Log 6.2, with either 
control value, yields 0.2 as an estimate of the average number of DNA doub- 
lings per nucleus during the first day of treatment. Since it appears quite un- 
likely that any nucleus underwent more than one DNA doubling within less 
than a day, 20 °/o can be interpreted as the estimated frequency of nuclei 
which responded to kinetin by DNA doubling. 


C. Effects of IAA alone 


Treatment with IAA alone definitely induced DNA synthesis. In material 
fixed after one day’s treatment there was a highly significant increase of 
intermediate y values (Figure 2 B bottom, left; Table 7). The pooled samples 
from 3 and 3 1/2 days have a geometric mean DNA content of 6.8 C as com- 
pared with 5.2 C from the two simultaneous control samples. These values 
substituted in eq. (1) yield an average of about 0.4 DNA doublings per original 
nucleus in three days. This estimate would apply if there were no mitoses, 
but since mitoses did occur (Figure 2 A bottom, left) the average was most 
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likely larger than 0.4. The data do not exclude the possibility that DNA doub- 
ling was still continuing after three days. 


D. Effects of IAA and kinetin together 


The combined treatment with IAA and kinetin produced a very striking 
incidence of intermediate y values, particularly in the 1 1/4 day sample (Figure 
2 B bottom, right; Table 7). The geometric mean DNA content in the 3 and 
3 1/2 day samples was 7.4 C. Now eq. (1) yields 0.5, but since the combined 
treatment induced many mitoses (Figure 2 A bottom, right), the average num- 
ber of DNA doublings per nucleus in three days was probably considerably 
higher than 0.5. 


E. DNA synthesis and mitosis 


A comparison of Figures 2 B and 2A, bottom, shows that with both treat- 
ments mitoses started only after numerous nuclei had undergone DNA syn- 
thesis. The termination of the one and the onset of the other process seemed 
to be separated by an interval of about six hours. The timing of the two pro- 
cesses perhaps indicates that all nuclei which entered mitoses had first under- 
gone DNA doubling in response to the treatments. This would imply that all 
mitoses with 48, 96, etc. chromosomes were from nuclei with initial DNA 
contents of 2 C, 4 C, etc. respectively. 


F. Differential response of nuclei from different DNA classes 


Nuclei from different classes differed greatly in their reaction to the treat- 
ments. In particular, it is evident from Figure 2 B that while many 4 C nuclei 
advanced into the 8 C class very few of the originally equally frequent 8 C 
nuclei rose to the 16 C level. It seems from Figure 2 B bottom, right, that the 
relative frequency of nuclei induced to synthesize DNA was at least as high 
in the 2 C as in the much larger 4 C class. Of ten randomly chosen mitoses 
from 21/2 and 31/2 day samples three were approximately 4 C, the rest 8C 
(Figure 4, bottom). Prior to the treatment these nuclei may have been 2C 
and 4 C respectively. 

The most striking demonstration of a differential response of nuclei from 
different classes to the treatment is provided by the patches of meristematic 
cells which arise during a prolonged combined treatment with IAA and kine- 
tin (Das et al., 1956). In such patches all observed metaphases seemed to 
have 48 chromosomes; all seven measured prophases belonged to the 4 C DNA 
class, and each of eight measured interphase nuclei approximated either 2 C 
or 4 C (Figure 4, top). Only in the relatively few mitoses which were detected 
Physiol. Plant., 10, 1957 


KINETIN AND INDOLEACETIC ACID 961 


Pf: \NTERPHASE BEE: vitosis 


NEW CELLS ONLY 


16 1/2 & 7 1/2 DAYS 


UNSELECTED MITOSES 3 
D ' ‘2 1/2 & 31/2 DAYS 


NUMBER OF NUCLEI 


' 
' 
0 
‘ 
' 


2c ac 8c 


NUCLEAR DNA CONTENT 
Figure 4. DNA contents of mitotic and interphase nuclei from tissue treated with 0.2 mg/l 
of kinetin and 2.0 mg/l of IAA. Mitoses in new cells: only prophases; unselected mitoses: 
3 prophases, 1 metaphase, and 6 pairs of telophase nuclei. Class values as in Figure 2B 
at 31/2 days (an accurate fit cannot be expected, see discussion of the effects of non- 
specific absorption). 


outside of the meristematic patches in older samples did higher chromosome 
numbers occur. In one extreme case, found in an acetocarmine preparation, 
the number was probably 8X48, corresponding to a DNA content of 32C. 
This tissue block had been treated with 2.0 mg/l of IAA and 0.2 mg/l of kine- 
tin for three weeks. It will be noted that the only DNA value of approximately 
32 C among measured nuclei also was found in material treated with kinetin 
and IAA (Figure 2 B bottom, right, at 3 1/2 days). The same range of chromo- 
some numbers, from 48 to 8 X48, also was observed by Naylor et al. (1954) 


in IAA treated tobacco pith tissue. 


Discussion 


It has been reported earlier that in the pith tissue cultured without added 
IAA and kinetin no mitoses occur (Das et al., 1956). The present results show 
that practically all nuclei in this material belong to several DNA classes cor- 
responding to various degrees of polyploidy. Most or all of the intermediate y 
values found in the control material seemed to be error variants rather than 
genuine DNA intermediates. That little, if any, DNA synthesis occurred in 
the pith tissue in situ is also evident from the marked uniformity of the con- 
trol samples in regard to the relative frequencies of nuclei in different DNA 
classes irrespective of some age differences between the internodes from 
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which the tissue samples had been taken. The results do not necessarily mean 
that the increase in frequency of nuclei in higher DNA classes had slowed 
down, because subsequent to the differentiation of the pith tissue only very 
few nuclei need have undergone DNA doubling at any given time to account 
for the observed degree of polyploidy. 

The combined treatment with IAA and kinetin was very effective in in- 
ducing DNA doubling. Either substance alone also caused DNA synthesis but 
apparently to a lesser extent and, at least in the case of kinetin, only for a 
limited period. It would seem that substances from the auxin group, and 
possibly also from the kinin group, are necessary‘ for DNA synthesis in pith 
tissue. If so, the induction of DNA doubling by one substance was made 
possible by endogenous traces of the other. Such traces of kinin and auxin 
would also readily account for a gradual development of polyploidy in pith 
tissue. In view of the finding of Jablonski and Skoog (1954) that vascular 
tissue of the tobacco stem contains a cell division factor it is likely that small 
amounts of such a substance do occur in the pith tissue. This was also sug- 
gested by certain effects of IAA and kinetin on mitosis and cell division (Das 
et al., 1956). 

The presence of small amounts of auxin in tobacco pith tissue was indi- 
cated by the data of Wilson and Skoog (1954) who showed that fresh and 
dry weights, cell wall materials (including pectic substances), and soluble 
uronides did increase in control pith tissue although more slowly and for a 
much more limited time than in tissue supplied with IAA. This and the pre- 
sent observation that without added IAA, kinetin sustained DNA synthesis 
mainly or only during the first day suggest that the concentration of endo- 
genous auxin decreased below the effective level. 

It has been shown that mitoses were induced by treatment with IAA alone. 
Kinetin when added to the medium containing IAA greatly increased their 
frequency (Das et «l., 1956). In either case mitoses appeared only after a con- 
siderable number of nuclei had undergone DNA doubling. Conceivably, the 
nuclei of pith tissue could not enter into mitosis without undergoing a new 
DNA doubling even though most of them already had DNA contents of 4 C, 
8 C, etc. In this context it is interesting to note that according to Naylor (1953) 
the nuclei of the promeristem region of inhibited lateral buds of Tradescantia 
remain in the 2 C state. When this region becomes actively meristematic DNA 
synthesis must precede mitosis. It has also been reported that in regenerating 
livers DNA synthesis occurs prior to the induction of mitoses (see Price and 
Laird, 1950; Jardetsky et al., 1956). 

The question arises whether IAA and kinetin treatments merely set the 
stage for mitosis by promoting DNA synthesis. However, the progressive devel- 


opment of polyploidy in pith tissue in situ, presumably by DNA doubling in 
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nuclei which do not proceed into mitosis, may indicate that this tissue lacks 
an effective concentration of at least one prerequisite factor for mitosis. Auxin 
seems to be such a prerequisite because in spite of the DNA doubling induced 
by kinetin in about 20 per cent of the nuclei, no mitoses occurred unless IAA 
was added to the medium. 

The fact that kinetin in the presence of IAA greatly increased the mitotic 
rate does not necessarily mean that kinetin itself initiated mitosis, because 
the increase in mitotic frequency might merely reflect a promotion of DNA 
synthesis. However, the gradual disappearance of mitoses in material treated 
with IAA alone (Das et al., 1956) can hardly be explained by a shortage of 
nuclei with recently doubled DNA contents. After 3 days of treatment, when 
the mitotic rate had dropped to about 0.5 per cent, the geometric mean of 
nuclear DNA contents showed, relative to controls, still an excess equivalent 
to a DNA doubling in 40 per cent of the nuclei. It would seem that endogenous 
kinin, rather than the supply of suitable nuclei, was being exhausted. Our 
previous published data on cytokinesis also suggested a decrease in concen- 
tration of natural kinin. 

The mitotic frequency observed after a few days of treatment with IAA and 
kinetin was not appreciably changed when the concentrations of these sub- 
stances were increased beyond 0.2 mg/l. This limitation of the mitotic rate 
was clearly due to the presence of many cells which never divided regardless 
of the IAA and kinetin concentrations. Even after four weeks a great number 
of ‘old’ cells were still present. Perhaps the failure of such cells to enter 
mitosis was due to a failure to undergo DNA doubling. Failure to undergo 
DNA doubling definitely occurred in higher ploidy classes; the great majority 
of 8 C nuclei did not undergo DNA synthesis. It seems that the relatively few 
cells of high ploidy classes which did double their DNA contents could enter 
into mitosis when the auxin and kinin requirements were fulfilled, for some 
mitoses with chromosome numbers corresponding to the highest observed 
DNA classes were found. It may also be noted in this context that the mitotic 
rate curve displays a striking dip after the first relatively short period of 
mitotic activity. This would be expected if the cells which had recently under- 
gone DNA doubling soon thereafter proceeded into mitosis when sufficient 
kinin and auxin were available. 

How strikingly differences in ploidy control the effects of kinetin and IAA 
is shown by the fact that the continued growth by division of pith tissue cul- 
tured with both substances was almost wholly by cells with the normal 
complement of 48 chromosomes. Possibly all these cells were descendants 
of the original 2C class. An inverse relation between ploidy of a nucleus 
and its likelihood to divide under suitable conditions is also indicated in the 
reports of other investigators. Therman (1951) and Chouinard (1955) con- 
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ADDED TO THE CULTURE MEDIUM 
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Figure 5. Diagram summarizing tentative conclusions on effects of auxin and kinin which 
are interpreted as necessary factors for DNA synthesis (doubled DNA content symbolized 
by larger size and darker shading of nuclei), mitosis, and (in the case of kinin) cytokinesis. 
Thin pathway in 1st. column may represent gradual development of polyploidy in pith 
tissue. Broken lines: effects which would sooner or later cease because of gradual dis- 
appearance of the assumed traces of endogenous auxin and kinin from pith tissue cultured 
in vitro. Thickness of pathways indicates frequency of occurrence in cells which would 
respond to the combined treatment. 


cluded from counts of chromosomes and of strands per chromosome that in 
the differentiated plant tissues they used, IAA treatments induced mitoses 
more readily in normal diploid than in polyploid cells. 

Skoog and Miller (1957) have demonstrated that the pattern of various 
growth and developmental processes in plant tissues, cultured in vitro, may 
be regulated by the proportions of auxin, kinin, adenine, and other substances 
supplied to the medium. Our results show how such control may be exercised 
on the major phases of the full cycle of cell multiplication (Figure 5). It 
appears that in pith tissue kinin is required for mitosis and cytokinesis, and 
possibly also for DNA doubling, and that auxin is necessary for DNA doub- 
ling and mitosis. There is no evidence for or against an effect of auxin on 
cytokinesis itself, because mitosis occurred exclusively in the presence of IAA. 
It seems that the required concentrations of auxin and kinin are higher for 
mitosis than for DNA synthesis and, in the case of kinin, still higher for 
cytokinesis. 

Variation in the auxin and kinin concentrations in the plant could possibly 
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serve to steer tissue growth into either of the three courses which permit an 
increase in chromosome material. With concentrations Just sufficient for DNA 
doubling polyploidy of various degrees might be obtained without nuclear 
and cell division. With somewhat higher concentrations mitosis, not followed 
by cytokinesis, would produce multinucleate cells. Still higher concentrations 
would lead to complete cell reproduction. It is, of course, not claimed that 
these types of growth are wholly and invariably determined by the auxin 
and kinin concentrations, but our findings do provide a model of how these 
types of growth might be brought about. 


Summary 


Excised tobacco pith was cultured on modified White’s nutrient-agar 
medium with 2.0 mg/l of indoleacetic acid (IAA) and/or 0.2 mg/l of kinetin. 
Nuclear DNA contents (Feulgen) were determined by the microspectrophoto- 
metric two-wavelengths method. 

In control cultures without added IAA or kinetin little or no DNA synthesis 
occurred. Nuclei fell into the DNA classes 2 C, 4C, and 8 C with respective 
frequencies of about 5, 47, and 48 °/o (4 C is characteristic of metaphases with 
the normal complement of 48 chromosomes). 

DNA doubling was induced by IAA alone, kinetin alone, and most effec- 
tively by both together. Mitoses, if any, appeared only after numerous nuclei 
had undergone DNA doubling in response to the treatment. 

Nuclei were the more readily stimulated into DNA synthesis the lower 
their DNA class. DNA synthesis was much rarer in 8C than in 4C nuclei. 
The meristematic cells arising in patches after prolonged combined treatments 
with kinetin and IAA contained 2C—4C amounts of DNA and 48 chromo- 
somes. 

A detailed analysis of the present and former results suggests that in pith 
tissue kinin is required for mitosis and cytokinesis, and possibly for DNA 
doubling, and that auxin is necessary for DNA doubling and mitosis. The 
effects obtained with either substance alone may be ascribed to the presence 
of endogenous traces of the other substance. 

This work was supported in part by the University Research Committee with funds 
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1. Introduction 


The methods so far used for determination of respiration in roots can be 
divided into two groups according to their basic principles: 


A. Open systems with constant gas concentrations. The roots are placed in a vessel 
containing nutrient solution through which is bubbled a gas stream of constant 
oxygen and carbon dioxide contents. The carbon dioxide liberated during the respira- 
tory process is removed in the gas stream and can be measured by absorption and 
titration. Exact values for the respiration are obtained only when a gas equilibrium 
has been established in the system under the given conditions (pH, temperature, 
flow rate). The agitation provides constant oxygen and carbon dioxide concentrations 
throughout the nutrient solution at all times. This method readily allows continuous 
experiments with frequent determinations to be made, and also makes possible the 
use of intact roots. 

Methods based on this principle have been used by, e.g., Harris 1929, Löweneck 
1930, Lundegärdh and Burström 1933, 1935, Lundegärdh 1937, 1940, Gilbert and 
Shive 1945, Woodford and Gregory 1948, and Schmucki 1949. 

Theoretically, open systems may possibly be used for determinations of oxygen 
uptake of roots (White and Childers 1944), but due to insufficient accuracy of the 
measurements the principle has so far been used chiefly in connection with carbon 
dioxide determinations. However, studies by Cerighelli 1925, Koursanov 1954, and 
Jacobson 1955 suggest the ability of roots to absorb and assimilate carbon dioxide. 
Thus conclusions on root respiration based on measurements of the carbon dioxide 
exchange only must be considered dubious. 

B. Closed systems with variable gas concentrations. The roots are placed in a 
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closed container completely or partly filled with nutrient solution. Usually the roots 
are placed in the liquid phase. If the liquid completely fills the container, reasonably 
accurate measurements of the respiration intensity can be made only by determining 
the amount of oxygen used. This determination has so far been made by employment 
of the Winkler titration method (Löweneck 1930, Gabrielsen and Larsen 1935, 
Lundegärdh 1949 a, and Schmucki 1949). 

Where no special precautions are taken, the Winkler method offers several sources 
of error, since the titration reactions are influenced by slight contents of nitrite or 
nitrate ions in the nutrient solution or by the presence of small amounts of organic 
substances or iron salts. The sensitivity to organic substances is particularly trouble- 
some. Lundegärdh and Burström 1944 have shown that roots secrete small amounts 
of reducing sugars, a fact which of course reduces considerably the reliability of 
the method. 

Constant concentrations of oxygen and carbon dioxide are of course unobtainable 
in closed systems. Without agitation, considerable and uncontrollable errors occur, 
since the oxygen content of the layers of liquid close to the surface of the roots is 
quickly exhausted. However, several authors have employed some form of agitation, 
thus eliminating local changes in concentration. By employing large volumes of liquid 
as compared to the root volume, and by shortening the period of each experiment as 
much as possible, the influence of the change of concentration on the results may be 
reduced to a minimum. 

Most measurements of root respiration in closed systems filled with liquid have 
been made with excised roots. Only Löweneck 1930, and Schmucki 1949 have 
attempted to study intact roots. Löweneck’s method, where the roots were enclosed 
in the nutrient solution under a layer of liquid paraffin, appears to be the better one; 
it allows continuous experiments although the sealing with oil is not very easy to 
apply, nor is it sufficient safe with regard to diffusion. 

A few authors have used closed systems in which the roots were placed in the 
gaseous phase. Gabrielsen and Larsen 1935 measured the liberation of carbon dioxide 
by absorption in barium hydroxide; Wanner 1944, 1945 measured the absorption of 
oxygen by means of a capillary volumeter or a polarograph. Cut roots were used for 
all of these experiments. 

In later years the Warburg technique has been used to an increasing extent in stu- 
dies of root respiration (Steward 1932 a, b, 1933, Ulrich 1941, 1942, Robertson 1941, 
1944, Robertson and Turner 1945, Robertson and Thorn 1945, Robertson, Turner 
and Wilkins 1947, Berry and Norris 1949 a, b, Butler 1953 a, b, c, Stenlid 1954, Elias- 
son 1955, Karlson and Eliasson 1955, Eliasson and Mathiesen 1956; see also Dixon 
1934, Umbreit, Burris and Stauffer 1951). In its extended form this technique allows 
the maintenance of sufficiently constant conditions around the plant material, it 
makes it possible to obtain accurate measurements of oxygen as well as of carbon 
dioxide, and it provides excellent conditions for following the course of the respira- 
tion over a longer period of time. In these respects the method is very satisfactory, 


but its use is greatly limited by the fact that only cut roots or small areas of root 
tissue may be used. 


While thus at least one existing method appears to be completely satis- 
factory for respiration measurements with excised roots, none of the above 
methods is quite appropriate for studies of the respiration of intact roots. The 
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fact that many aspects of the function of roots (such as absorption of water, 
absorption of ions, growth, storage, and mobilisation of food reserves) are 
closely connected with the functions of the plant parts above the surface, 
makes it physiologically important to determine the extent to which the col- 
laboration between plant parts above and below the soil surface influence the 
respiration of the latter. 

According to the discussion, the main requirements for a consummate 
method applicable to measurements of respiration in intact roots are the 
following. 


1. It should allow for simultaneous determination of the carbon dioxide and 
the oxygen exchange. 

2. The accuracy of the method should be independent of the composition of 
the nutrient solution. 

3. It must be possible to provide constant agitation in the nutrient solution 
to avoid changes in the medium immediately surrounding the roots. 

4. It must be possible to establish temperature and gas equilibrium in the 
system within a short time. 

5. The method should allow investigations with frequent measurements, so 
that the effects of a factor change in the environment, either of the roots 
proper or of other parts of the plant, may be followed from start to 
finish. 

6. Furthermore, the apparatus should be set up in such a way that these 
environment changes could be easily established. 


A method attempting to meet with these requirements is described here. 


2. Principle 


A closed system was chosen due to the difficulties in determining oxygen 
in open ones. 

The plant is placed in such a way that the roots are enclosed in a water- 
and air-tight root chamber completely filled with nutrient solution. By means 
of a circulation pump the nutrient solution is circulated in a system which 
in addition to the root chamber and the pump contains also a Krogh’s micro- 
tonometer. Inside the tonometer the stream of liquid passes a small air bubble 
which is thus kept constantly moving. An equilibrium is fairly rapidly estab- 
lished between the gases of the bubble and the gases of the stream of liquid, 
and changes of the oxygen and carbon dioxide concentrations may be 
measured by removing and analysing the gas bubble in a Krogh’s micro-gas- 
analysis apparatus connected to the tonometer. When the bubble is removed 
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Figure 1. Diagram of tonometer me- 
thod apparatus. À root chamber, 
B micro-gasanalysis apparatus, 
C circulation pump, D tonometer, 
E pressure equalizer, F shunt, 
G filler. 


together with the analysis apparatus a new air bubble is introduced into the 
tonometer, which is simultaneously connected to another analysis apparatus; 
in this way it is possible to make continuous determinations at short intervals 
(10 to 12 minutes). When determining the evolution of carbon dioxide from 
the roots a measurement of the change in pH in the nutrient solution is 
required in addition to the gas analysis. 


3. Apparatus 


A sketch of the apparatus is shown in Figure 1. The root chamber (A) is 
made from pyrex glass and shaped in such a way that the nutrient solution 
passes the roots of the plant in a steady quiet stream. The possibility of parts 
of the nutrient solution being unmoved is excluded. The volumes of liquid 
in the root chambers so far used vary from 125 ml to 275 ml (diameter 33 to 
45 mm, height 180 to 200 mm). Correspondingly the total liquid volume of 
the system varies from 150 to 300 ml. 

During respiration measurements the root chamber is submerged in a water 
bath (29 by 46 by 30 cm) in which the temperature is kept constant +0.1°C. 
by means of heat elements (500 or 750 watt) regulated by contact thermo- 
meters and thermal relays. Ice water pumped through copper coils in the 
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Figure 2. Detail of tonometer with air 
bubble. Tonometer connected to lower 
part of a micro-gasanalysis apparatus 
through rubber tube. 1 inlet, 2 air 


bubble, 3 capillary tube of gas analysis 


apparatus, 7 outlet. According to Krogh 
1915. 


OUTTA COTON 


Figure 3. Detail of micro-gasanalysis 
apparatus with water jacket. A roof of 
tonometer, B pump arrangement for 
moving air bubble in and out of capil- 


lary tube. According to Krogh 1915. 


water bath is used for cooling at low temperatures. Agitation is established by 
means of a vigorous Stuart circulation pump. 


In cases where the roots must be kept dark during respiration measure- 
ments the root chamber is covered by a light-proof brass shade constructed 
to allow free passage of Ihe water from the water bath towards and around 
the root chamber. 

The micro tonometer and the micro-gasanalysis apparatus were described 
by August Krogh in 1915, and were used by him for the study of the oxygen 
and the carbon dioxide content of the blood. 

The tonometer (D of Figure 1, Figure 2) is inserted in the nutrient solution 
circulation in such a way that in passing the narrow opening at the upper 
part of the inlet tube the stream acquires increased speed. This causes the air 
bubble, introduced into the tonometer at the beginning of the analysis. to 
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move rapidly. The nutrient solution is moved on out of the tonometer through 
a side tube leading to the circulation pump. 

The micro-gasanalysis apparatus (B of Figure 1) consists, as may be seen 
in more details from Figure 3, of a graduated capillary tube surrounded by a 
water jacket holding a thermometer. At its lower end the capillary is provided 
with a funnel-shaped expansion forming the top of the tonometer. The capil- 
lary tube as well as the expansion must be kept absolutely free of grease. 
Above the graduted part a side tube is sealed to the capillary; the side tube 
is partially filled with mercury and points diagonally downwards. By means 
of a close fitting screw (B of Figure 3) reaching into the mercury the bubble 
of the tonometer may be moved up and down in the analysis apparatus. On 
substitution of a further analysis apparatus a fresh small bubble of air is 
simultaneously introduced into the tonometer. 

The water jacket of the analysis apparatus is kept at the same temperature 
as that of the water bath in which the root chamber is immersed; this is 
attained by passing part of the water stream from the circulation pump of the 
water bath through the jacket. In this way it is possible to carry through the 
gas analysis at the same temperature as that found in the nutrient solution 
surrounding the roots. A detailed description of the gas analysis proper 
follows in section 4. 

The pressure equalizer (E of Figure 1) is connected at the bottom of the 
inlet tube of the tonometer through a rubber tubing to be closed with a screw 
clip. The equalizer consists of a tube with a funnel-shaped expansion filled 
to a level with the top of the tonometer with nutrient solution. The screw clip 
is cautiously opened when the tonometer bubble is to be driven into the gas 
analysis apparatus and when the latter is to be exchanged for a fresh one. 

During the exchange of analysis apparatus, the stream of nutrient solution 
is by-passed by means of the shunt F (Figure 1). Instead of the four screw 
clips shown in the figure a three-way stop cock has been built in at each end 
of the shunt in a later development of the apparatus. 

The circulation pump (C of Figure 1, Figure 4) has been specially built and 
its capacity is adjusted to the system. Six free running rollers (each of dia- 
meter 16 mm) are placed on a rotating disc (diameter 68 mm). A “portex” 
plastic tube (inner diameter 5 mm, wall 1.5 mm; from the firm Vald. Foersom, 
Kobenhavn) connects the tonometer to the root chamber inside the pump and 
rests on a bench in a low groove. By means of a screw the tube bench are 
driven towards the rollers in such a way that these are made to exercise a 
suitable pressure on the tube. If the driving wheel of the pump is connected 
to an electric motor through a transmission it is possible to obtain flow rates 
from a few ml per minute up to 300 ml per minute for the size of tube used. 
Even greater speeds may be obtained with larger tube dimensions. The flow 
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Figure 4. Circulation pump with “por- 
tex” tube. The pump is driven by an 
electric motor connected to the large 
pulley of the figure by leather belts 
through a variable transmission. 


rate most used so far is 90 ml per minute when the tonometer is incorporated 
in the system. When the stream of liquid is by-passed through the shunt the 
rate is about 100 ml per minute. 

The connections from root chamber to tonometer, circulation pump and 
back to the root chamber are glass tubes of an inner width of 4 mm. The 
necessary connections of plastic tubes are kept as short as possible. 


4. Method Description 


Preparation for the respiration experiment. To obtain plant material of 
as uniform a previous history as possible the following water culture tech- 
nique was used. Five acrylic plastic plates, painted black and each fitted with 
4 borings, are placed so as to form a lid on a glass container (29 X46 X30 cm) 
which is also painted black on the outside and is filled with nutrient solution. 
20 cork stoppers, bored through and split, each hugging one seedling, are 
placed in the said holes. Previously the seedlings have been germinated on 
hardwood-sawdust. To counteract temperature fluctuations in the nutrient 
solution the glass container is placed in a wooden box, insulated inside by 
means of corrugated board and glass wool. Also, glass cooling spirals are 
placed in the nutrient solution. 

The necessary agitation and aeration of the nutrient solution is obtained 
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by passing air from an aquarium pump through a glass tube to five gas 
distributors (pumice) placed at the bottom of the glass container. 

In the nutrient solution the plants rapidly develop a healthy looking, whit- 
ish root system. When this has attained a suitable size compared to the 
amount of liquid to be used in the experiment the plants are ready for use. 

The composition of the nutrient solution is given in Table 1; in addition to 
the four salts mentioned was added 1 ml of a Hoagland A-Z solution and 
0.5 ml of “Ferrikomplexon” (5 mg Fe per ml) per litre solution, as used by 
Olsen 1950. 

To place the sample plant in the apparatus, the roots are carefully guided 
into the root chamber and the neck of the root is wrapped in a layer of 
water repellant cotton greased with “Apiezon”; this in turn is held by a split 
waxed cork stopper provided with a hole and fitted to the diameter of the 
root chamber. Subsequently, the system is further sealed by means of a 
4 to 6 mm thick, tough layer of wax. 

The root chamber is immersed in the thermoregulated bath and is con- 
nected to the remainder of the apparatus. The system is then filled with 
nutrient solution of a suitable temperature. To ensure rapid and complete 
removal of all air bubbles from the system, the circulation pump is kept 
working during filling. The bubbles are easily removed from the system 
through a bubble trap (a T-tube at the top of the system, not shown in 
Figure 1). 

Procedure. The gas analysis apparatus is filled with nutrient solution and 
a small bubble of air (diameter 1 to 2 mm) is placed in the expansion at the 
bottom of the capillary tube. The apparatus is connected to the tonometer 
using the pressure equalizer. Water from the bath is passed through the 
water jacket of the analysis apparatus, and the nutrient solution of the system 
is circulated. Hence the air bubble introduced into the tonometer is rapidly 
and continuously agitated by the nutrient solution which contacted the roots 
of the plant a few seconds previously. While the gases of the nutrient solu- 
tion and the air bubble are being equilibrated another gas analysis apparatus 
is fitted with an air bubble and kept ready. Eight to ten minutes after the 
beginning of the experiment (the gas equilibrium has then been established, 
see section 6 of this paper) the air bubble from the inserted analysis apparatus 
is guided up into the capillary tube, and the pressure equalizer is used while 
the analysis apparatus is being removed from the system. Immediately after- 
wards the new analysis apparatus is inserted. The time until the first gas 
analysis is measured from the time when the root is brought into contact with 
the nutrient solution. 

A precise knowledge of the pH of the nutrient solution is necessary for 
the computation of the carbon dioxide evolution of the roots. In the experi- 
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Table 1. Composition of the nutrient solution. 
ee Er 


5 
Per litre ne 

K Ca | me | NO, | Po, PS0, 
VS NINA Ro ae EN) | 
DOSE ME OS LO OSE Msg) en N cee gag 
DIS EIKE POR. LE 33 801 | se 
DAS RNO Nue A ep) =i £56 AO DE 
2.209 g total salts .......| 321 | 143 | 50 | 899 | 80 | 200 


ments made so far and described here, the pH was measured immediately 
prior to and immediately after the experiments, which each comprise a series 
of carbon dioxide estimations, and determined to +0.015 pH units. During the 
most recent determinations this error has been reduced to +0.005 through 
the use of an improved apparatus (Radiometer, PHM3). 

It may be mentioned that within the range 5 to 40°C an equilibrium may 
be established in the water bath within 12 to 15 minutes at a temperature 
deviating only 5° from the one previously used. 

The gas analysis. The first step in an analysis of the gases in the Krogh 
apparatus is the determination of the volume of the bubble (length measured 
in the graduated part of the capillary tube). Simultaneously the temperature 
of the water jacket is noted. 

The analysis apparatus is then moved to a position at an angle of 120 to 
130° to the vertical. The nutrient solution is carefully removed by suction, 
and replaced by a 10 per cent solution of sodium hydroxide. The analysis 
apparatus is adjusted to a position at an angle of about 45° to the vertical 
and the gas bubble is slowly driven into the solution. However, it is necessary 
that a small portion of the bubble is still left in the capillary tube to prevent 
the solution from entering it. After a reaction period of about 40 to 50 seconds, 
during which the bubble is moved up and down slightly, the solution has 
absorbed all of the carbon dioxide. The bubble is forced up just inside the 
capillary tube and the solution subsequently removed from the funnel, which 
is then thoroughly rinsed with distilled water to which have been added a few 
drops of hydrochloric acid per 100 ml. Following this cleaning process the 
funnel is filled with nutrient solution and the analysis apparatus is replaced 
in the original position. The length of the bubble and the temperature of the 
water jacket are determined. The procedure is repeated substituting an alka- 
line solution of pyrogallol (7.5 g of pyrogallol per 100 ml of 33 per cent tech- 
nical potassium hydroxide) for the sodium hydroxide solution. In this case 
a reduction in volume provides information regarding the oxygen content of 
the bubble. 

If the experimental temperature is close to room temperature the tempera- 
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ture of the water jacket changes so slightly during analysis that a correction 
of 0.1 per cent for a temperature change of 0.2° is reasonable. Only when 
great changes of temperature are involved is a more accurate correction Te- 
quired according to the equation V;—=V, (1+at). For further information 
about the gas analysis see Krogh 1915. 


5. Sample Experiment. Calculation of Results 


Results of an analysis from an experiment with a 2 weeks old corn plant 
(Zea Mays) are reproduced in Table 2. 

When computing the carbon dioxide exchange in the system it should be 
considered that for this gas the equilibrium between the concentrations 
occurring in the gas and in the liquid phase is pH dependent (Faurholt 1924): 


gas 

CO; pK, 6.39 pK, 10.34 (20°C) 
{| +H,0=H*+HC0;,=2H+*+C0;, 

GO; 

dissolved 


The total amount of carbon dioxide contained in the system may be calculated 
on the basis of its carbon dioxide and its bicarbonate ion concentrations. The 
carbonate ion concentration can be eliminated as the pH of the nutrient solu- 
tion never exceeds 7.0, and the pK, for carbon dioxide is 10.34 at 20°C. 

The carbon dioxide concentration which in the nutrient solution is in 
equilibrium with a certain carbon dioxide concentration in the tonometer 
bubble may be computed from the equation: 


Pcos 
Ccos = LEE 
Poo. =the carbon dioxide percentage of the tonometer bubble 
t =temperature of the experiment 
a =expansion coefficient 
B  =Bunsen’s absorption coefficient 


N =standard volume (22,400 ml, 0°, 760 mm Hg) 
The bicarbonate ion concentration of the system may be computed from the 
Henderson-Hasselbalch equation (cf. Crockford and Knight 1950): 
log Cuco3 =pH—pkK, + log Coos 
The carbon dioxide produced by respiration may be computed from: 


mol CO, produced = (Ceo. + Cyco3) — (Ce 2 + Curo 3): 
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Table 2. Root respiration experiment. Data (successive determinations of carbon dioxide 
and oxygen in the tonometer bubble) from an experiment with a two weeks old corn (Zea 
Mays) plant. The experiment was started at 1012 hours (pH 7.00) and terminated at 1127 
hours (pH 6.87). Fresh weight of the root 0.72 g. Capacity of the system 170 ml. Ti, To, T3: 
temperature of the water jacket (°C) immediately after removal, after absorption of CO> 
and after absorption of Os, respectively. Vi, Vo, V3: volume of the tonometer bubble 
(relative units read) before and after absorption of CO and after absorption of Os, 
respectively. P 609 and Pos are percentage concentrations. 


| Time | T: V, V, T Pee | ve T, Pa, 
1020 | 20.0 64.0 63.3 20.2 117 | 51.0 20.4 19.49 
1035 20.0 119.0 117.5 20.1 1.30 95.6 20.4 18.73 
1047 | 20.0 80.6 295.502 1.44 65.2 | 20.4 18.05 
1100 | 20.0 99.5 08:2 S200 as VST 20.4 17.07 
di 20.0 702 76.1 20.3 1.54 | 63.6 | 20.5 16.49 
1197172200 101.0 99.5 | 20.3 159028202 0.505 15.65 


where i and f signify the initial and the final concentrations in the system. 
To find the initial concentration (the first CO, determination is not carried 
out until 8 minutes after the beginning of the experiment) the values listed 
for Pco, in Table 2 are plotted against time in a coordinate system, and by 
adjusting the curve to a straight line the desired value for Pco, may be found 
by extrapolation. The final value of Pco, is likewise found from the curve. 

On the basis of the values of Table 2 the amount of carbon dioxide pro- 
duced (in 170 ml of nutrient solution) is found te be 1.05 ml. The respira- 
tion intensity is 1.16 ml of CQ, per hour per g fresh weight of root. 

In a more recent version of the apparatus the circulating nutrient solution 
passes a vessel with a combined glass and calomel electrode, which makes 
possible measurement of pH simultaneously with the removal of the tono- 
meter bubble. The slightly inconvenient extrapolation arrangement described 
above is thus eliminated, and it is possible to compute the carbon dioxide 
production of the root on the basis of each tonometer measurement 
separately. 

Since a change in the pH does not change the partial pressure of the oxygen 
it is considerably easier to arrive at an expression for the oxygen consump- 
tion. For a liquid volume of V ml in the system the change in oxygen concen- 
tration may be computed from the following equation (Po, oxygen percen- 
tage in the tonometer bubble): 

(Poz)i— (Pos) t 
100 


ml O, consumed=V:$f: (1+at) 
The oxygen consumption may as a matter of course be computed for each 
separate tonometer determination throughout the experiment. The mean value 
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calculated on the basis of the analysis in Table 2 gives a respiration intensity 
of 0.27 ml O, per hour per g fresh weight of root. 

A consideration of the relation between the volumes of carbon dioxide and 
oxygen respectively produced and consumed during root respiration results 
in a conspicuously high respiratory quotient (4.3) for corn (Zea Mays) roots. 
This observation of high RQ-values, which was made repeatedly also with a 
different species of plant (tomato) naturally caused a thorough testing of the 
method. However, the control experiments, which are described in a sub- 
sequent section (6), revealed no sources of error. The reason for the high 
respiratory quotient may possibly be found in the difference between the dif- 
fusion of oxygen and the diffusion of carbon dioxide in the epidermis of the 
root. In carrot tissue Briggs and Robertson 1948 found a diffusion coefficient 
of 6.5: 10-7 cm?/sec. for oxygen and 1.7 : 10-5 cm?/sec. for carbon dioxide. 
Presumably oxygen diffuses through the intercellular spaces from the top of 
the plant down into the root. A forthcoming series of experiments will per- 
haps elucidate this peculiar phenomenon. 


6. Control Experiments 


The results obtained from carbon dioxide determinations by the tonometer 
method have been compared with those of determinations by means of an 
apparatus described by Sigurd Larsen 1949. In short, the basic principle of 
Larsens’s method is the following. A small and known amount of liquid is 
introduced into the apparatus, and by subsequent addition of acid and aera- 
tion of the liquid in a closed system all of the carbon dioxide (free and bound 
in carbonates) is driven into a known volume of 0.05 N barium hydroxide 
solution. The carbon dioxide content of the liquid may be calculated on the 
basis of a titration of this solution with 0.05 N hydrochloric acid. 

In Table 3 are given the mean values of six experiments, five of which were 
carried out with liquid through which had been bubbled carbon dioxide rich 
air for a few minutes prior to the experiment. A consideration of the differ- 
ence between the comparable mean values of the two methods shows this 
to be of a magnitude within the accuracy of the methods. 


Table 3. Control of carbon dioxide determinations of tonometer method. Comparison of 
data obtained by the tonometer method and by method of Larsen. 


Method | Pros Mean values including limits of mean errors (50 per cent level) 


Tonometer method 
Larsen’s method 


1.03 + 0.04 
0.98 + 0.02 


5.44 + 0.19 
5.32 + 0.08 


7.22 + 0.25 
7.32 + 0.11 


.30 + 0.26 
.25 + 0.11 


7.75 + 0.27 


5 9.39 + 0.33 
7.83 + 0.12 


9.30 + 0.14 


I 
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Table 4 Control of oxygen determinations of tonometer method. Comparison of data 
obtained by the tonometer method and by Winkler method. 


Method Poo. Mean values including limits of 
mean errors (50 per cent level) 


Tonometer method 20.83 + 0.40 
Winkler method 20.75 + 0.27 


20.89 + 0.40 
20.42 + 0.27 


0.90 + 0.40 


3) 
[21.30 + 0.28 | 


The results of the oxygen determinations of the tonometer method have 
been compared to those of determinations by the Winkler method (Miiller 
1910). As this method cannot be used for, e.g., nitrate containing solutions, the 
control experiments were carried out with distilled water. Mean values of 
three experiments are assembled in Table 4 from which it is also apparent 
that the difference between the comparable mean values is not significant. 

It has been mentioned above that the micro-gasanalysis apparatus was 
replaced at intervals of about 10 minutes. It was shown in control experi- 
ments that an equilibrium is established within this time between the gases of 
the bubble and those of the nutrient solution: 

For a few minutes prior to the experiment air rich in carbon dioxide is 
bubbled through the nutrient solution used. From four carbon dioxide deter- 
minations a mean value of 7.22 per cent CO, is obtained (Table 5). By means 
of an exceedingly fine hypodermic needle 15 to 20 ml of nutrient solution 
deficient in carbon dioxide is then added to the system through a plastic tube. 
This was done at 1305 hours, and the next analysis followed eight minutes 
later. This one, together with the subsequent analyses, shows that an equili- 
brium has been established in the system in 12 minutes. In certain other 
experiments the carbon dioxide concentration of the system was increased by 
injection of 1 ml of sodium carbonate solution. Results from these experi- 
ments indicate that equilibrium was reached even more rapidly as in the 
above. For further details see Krogh 1910. 


Table 5. Typical experiment concerning the attainment of carbon dioxide 
equilibrium in the system. 


P. determined with analysis apparatus 


002 


OO DOT III SI 
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7. Accuracy of the Method 


The accuracy obtainable in the root respiration measurements with the 
tonometer method may be deduced from the unpublished data from 72 experi- 
mental series comprising 432 oxygen and carbon dioxide determinations. The 
evaluation of the results was made by means of the centre of gravity method 
(Bond 1935). The method requires a straight line relation, and the time error 
should be minimal compared to the error of the analytical results. Consider- 
ing these requirements to be sufficiently fulfilled, the mean value of the car- 
bon dioxide analyses was determined to be 1.72 with a probable error of 
+ 0.06, the limits being adjusted in such a way that 50 per cent of correspond- 
ing determinations will be distributed within the interval corresponding to 
an mean error of 3.5 per cent. In the oxygen analyses the mean value is 
17.09 with a probable error of +0.32, giving an error of the mean of 1.9 
per cent. 

The greater error in the results of the carbon dioxide determinations is 
probably due to the fact that carbon dioxide determinations are obtained by 
the addition of two subtractions (gas analysis and pH measurement) each of 
which has its own error. 


Summary 


1. The impression is conveyed through the literature that studies of the 
root respiration of intact plants usually constitute a minor and necessary part 
of more comprehensive works. This fact naturally influences the methods 
used, and it must be stated that these do not fulfil satisfactorily the conditions 
that can be reasonably expected for methods intended to elucidate the pro- 
blem of the course of respiration in intact plants. 


2. The method described in this paper (The Tonometer Method) allows 
frequent and simultaneous determinations of oxygen and carbon dioxide 
during measurements of root respiration in plants which have their roots in 
a closed system surrounded by circulating nutrient solution. 

3. The tonometer method provides wide possibilities for carrying out arbi- 
trary and rapid changes of the environmental factors of the roots as well as 
those of other parts of the plant, and for studying the influence of such 
changes on root respiration. 


4. Carbon dioxide and oxygen determinations may be carried out with 
mean errors of 3.5 and 1.9 per cent, respectively. 
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The possible role of boron in plant metabolism has produced many 
theories, and relationships between boron and nitrogen, phosphorus, auxin, 
calcium, water, light, carbohydrate, and different enzymes have been pro- 
posed. All this literature is thoroughly reviewed by Gauch and Dugger (1954). 

The symptoms of boron deficiency can first be seen at the growing points, 
which has given rise to hypotheses about a relation between boron and auxin, 
often on very slight evidence. It is typical that the boron deficiency symptoms 
have been explained as caused by lack of auxin (Eaton, 1940) as well as 
by excess of auxin (Brandenburg, 1949). 

Eaton attracted great interest with his publication in 1940, where he 
shows that boron deficiency can be partly cured by indoleacetic acid (IAA). 
However, attempts to repeat his experiments have been unsuccessful (Moinat, 
1943, MacVicar and Tottingham, 1947). The explanation has been given 
in the criticism by Selman, Rees, and Dilnot (1954) that bottles of the type 
used by Eaton contain enough boron to explain the promotion of growth. 
In spite of these negative results we still found the thought of boron — via 

auxin of otherwise — being connected with growth very attractive and worth 
of further study. We developed a new, rapid standard technic for plant 
cultures in boron-free solutions. Common beans (Phaseolus vulgaris), having 
a big seed with comparatively little micro-nutrients, proved suitable for the 
experiments. With this rich initial macro-nutrient supply growth starts 


quickly and proceeds with great speed, and deficiency in micro-nutrients 
develops in a short time. 
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Culture Methods 


Glass beakers as culture vessels are not satisfactory as the growth is influenced 
by varying amounts of boron impurities from the glass, making the results rather 
hazardous. Therefore we developed a perspex-polyethylene technic, avoiding all 
glassware for nutrient solutions as well as for culture vessels, which proved very 
successful. The plants do not only show symptoms of boron deficiency very quickly, 
they also develop manganese deficiency within a week (preliminary, not published 
experiments). With better purification of the nutrient salts the technic would be 
useful in producing other deficiencies as well. The advantage with this method is 
not only that it is safe and rapid, it is also very clean and convenient, because the 
bags used as culture vessels are so cheap that they can be thrown away when used. 

Weibull’s Stella II beans were used for the experiments. To minimize fungal 
infection the seed was treated with a 0.1 per cent mercuric chloride/formaldehyde 
solution for 15 minutes, washed well and dried. Seed with ruptured shell or 
aberrant size was discarded. It was germinated by soaking over night in 0.1 per cent 
H,O, and sowing on moist filter paper in Petri dishes which were left in the dark 
for 2 days at 25° C. The seedlings had then developed about 5 cm. long roots and 
the first laterals appeared. They were planted 4 on each perspex disk hanging from 
a perspex holder (Figure 1), with selection of normally developed plants of uniform 
size. The nutrient solution was prepared from salts of analytical grade and distilled 
water run through an ion exchange filter to avoid heavy metals. The water was 
collected in polyethylene bottles (Polva, Sweden) and the stock solutions kept in 
similar bottles to avoid boron impurities from the glass. The culture vessels consisted 
of polyethylene bags (Äkerlund & Rausing, Lund, Sweden) supported by paper pots. 
Each bag contained 4—8 plants in 1/2 liter of nutrient solution of the following 
composition: 

2 mM KNO,, 1 mM Ca(NO,),, 0.5 mM (KH,PO,+Na,HPO,) adjusted to pH 6.0, 
0.5 mM MgSO,, 0.5 mM (NH,),SO,, 0.01 mM ferric citrate, 0.01 mM MnSO,, and 
0.01 mM ZnSO,. The control plants were also given 0.01 to 0.03 mM H,BO,. 
Recrystallization of the salts is not necessary as the glass seems to be the great 
source of boron impurities. 

The seedlings were very sensitive te drying and had to be covered by a polyethylene 
bag loosely placed over the pot during the first 4—5 days. The plants were reared 
under constant conditions of temperature (23° C) and artificial illumination 
(fluorescent daylight lamps) switched on for 20 hours a day. Moist air was bubbled 
through the solutions, which were changed every 5 days. Bacterial and protozoan 
contamination was normally very slight. 


Analytical Methods 


Phosphorus determinations were conducted following a method described by 
Scheel (1936). Nitrogen was digested according to the micro-Kjeldahl method, 
distilled in a modified Parmas-Wagner apparatus into 2 per cent boric acid and 
titrated with sulphuric acid. Soluble nitrogen was extracted with 2.5 per cent 
trichloroacetic acid and treated as above. Both phosphorus and nitrogen determina- 
tions were made in duplicate. 
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For the determination of IAA we followed the method described by Fransson, 
comprising ether extraction, paper chromatography, and Avena test of the 
chromatogram. 

The peroxidase extract was obtained by grinding a suitable amount of plant 
material in 0.5 per cent KH,PO, in a homogenizer immersed in an ice bath, centri- 
fuging, and, if necessary, filtering, and making the clear fluid up to volume. The 
activity was determined according to Sumner and Gjessing (1943). 

Sugar determinations were conducted in duplicate or triplicate following the 
procedure described by Philipson (1943). 

The different carbohydrate fractions were obtained in the following manner: 
Fresh tissue was cut into pieces, quickly frozen and stored at —20° C. Fifteen 
grams stems or leaves or 20 g. roots were extracted with 200 ml. boiling 96 per cent 
ethanol for 6 hours and 3 lots of 100 ml. 85 per cent ethanol, each for */2 hour. 
The alcohol was filtered off trough a previously weighed glass filter crucible and 
the residue washed with alcohol and ether and air-dried to constant temperature. 
The alcohol extract was discarded. After drying, galactose from the pectin fraction 
was extracted with 75 ml. water standing on a boiling water bath for 2 days. Washed 
and dried as above, sugars from the hemicellulose fraction were extracted from 
the residue with 50 ml. 2 per cent H,SO, for 6 hours on a water bath. The last 
digestion was made with 10 ml. 72 per cent H,SO, for 3 hours at room temperature, 
the digested mixture diluted with 100 ml. water and left on a boiling water bath 
for a day. This extract was considered to contain the main part of the cellulose and 
the residue to be the lignin. The sugar analyses on all the extracts vary rather 
greatly, however, while the loss of weight is more constant. We have therefore 
calculated the fractions approximately designed “pectin”, “hemicellulose”, and 
“cellulose” on the differences in weight between the fractions and the “lignin” on 
the weight of the acid-insoluble residue. 


Growth and Deficiency Symtoms 


With the described technic the first symptoms of boron deficiency appear 
at a very early stage of growth. Already after 3 days the boron-deficient 
plants may be distinguished from the normal ones morphologically and 
chemical differences appear even sooner. As seen on Figure 1, 3-day-old roots 
without boron are shorter and have fewer and shorter laterals than those 
with boron. After a few days they become thicker and also brownish and 
brittle. The prickly appearance of undeveloped lateral meristems is very 
characteristic of older boron-deficient roots (Figure 2). 

Sometimes boron-deficient stems need !/2 to 1 day more to straighten up 
and they may also be thicker and shorter. In one experiment the following 
lengths were measured (from the root to the first pair of leaves): —B 72 mm., 
+B 95 mm. (17 days old, average of 6 plants), in another —B 83 mm., 
+B 93 mm. (16 days old, average of 6 plants), in still others there was no 
difference. 
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Figure {. 3-day-old plants. In the boron- 
deficient roots the growth rate is already 
slowing down. The control roots are slightly 
longer with more and longer laterals. The 
stem has not rolled up yet. No difference 
between shoots of boron-deficient and nor- 
mal plants. 


The shoot does not show any symptoms of boron deficiency until after a 
week, when the first pair of leaves have unfolded and the bud begins to grow. 
Sometimes it grows slowly for a few days, but in many boron-deficient plants 
it becomes swollen and waxy and falls off before the first compound leaf 
has developed. The simple leaves are generally smaller with thick, short 
petioles (Figure 2). The cotyledons are usually shed after about 10 days 
independent of the boron supply. 

The pathological symptoms produced by boron deficiency are most pro- 
nounced in the regions where meristematic growth is active (Löhnis, 1940: 
Walker, 1944). Cell division does not seem to be inhibited, however, on the 
contrary numerous bud and root lateral meristems are formed in boron- 


Table 1. Fresh and dry weight (f.w. and d.w. resp.), per cent dry matter, and ratio 
shoot : root of 13—16 days old plants (average per plant, 6 experiments). 


Fresh weight Dry weight Dry matter 


Part of plants gm. gm. % 


0.051 + 0.004 
0.095 + 0.007 
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0.105 + 0.006 
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Figure 2. 15-day-old plants. A. Without boron. Typical boron-deficient plants. The roots 
are thick and thorny with undeveloped meristems both on the main root and on the 
laterals. The hook at the end of the older laterals is often found, but the significance 
unknown. Main root 14 cm., laterals of first order 5 cm. 

The stem is shorter and the single leaves smaller than the normal ones with short and 
thick petioles. Shoot length 7 cm. 

B. 3.107 M boric acid added every 5 days. The first root has grown to the arrow 
during the first boron period. During the second period all the laterals of the first 
order grow to their final length and lateral meristems of the second order develop. When 
more boron is administered the oldest of these laterals are not able to stretch any more, 
while the meristems near the tips still are vigorous and grow out to normal laterals, 
Main root 18 cm., laterals of first order 11—13 cm. 

The shoot growth has been slow and abnormal and has stopped at an early stage. 
Shoot length 8—9 cm. 


C. Well developed roots and shoots from full nutrient solution. Root length about 
30 cm., shoot length 14 cm. 
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dry matter 


Figure 3. Decrease in dry 
matter with increasing boric 
acid. 1=roots, 2=stems, 3= 
leaves. Each value average of 
16 plants. 
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deficient plants. The differentiating and maturing processes are inhibited, 
however, and the meristems die at an early stage. Although the boron level 
is too low to permit any growth, new bud meristems are formed, but these 
are shed before they begin to stretch. 

The abortion of the bud is preceded by an annular constriction 2—3 mm. 
below the tip. Anatomically it looks like a regular abscission zone which 
develops before the meristem shows microscopically visible signs of injury. 
Abscission is known to be an auxin-regulated process, depending on the 
gradient of auxin across the abscission layer. Addition of auxin to the distal 
end of a petiole prevents abscission, whereas addition to the proximal end 
forces more rapid abscission (Leopold, 1955). Here is thus a possible con- 
nection between auxin and boron. 

As seen from Table 1 the fresh weight of roots without boron is less than 
half the normal weight. The growth of the leaves has also been inhibited, 
while the difference in weight between the stems is insignificant. The differ- 
ence in dry matter is smaller, as all parts of boron-deficient plants contain 
proportionally more of that. The greater susceptibility of roots to boron 
starvation is also shown by the shoot : root ratio. 

The dry matter content does not decrease linearly with increasing con- 
centration of boric acid (Fig. 3). The critical concentration apparently lies 
around 3.1077 M. Below this level the growth mechanism is disorganized, 
above normal growth, although limited by the boron supply, can take place. 


Nitrogen and Phosphorus 


To get an idea of general metabolical changes in plants suffering from 
boron deficiency, we made analyses of nitrogen (total and soluble) and phos- 


phorus (only total). 
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Table 2. Nitrogen content of root, stem, and leaf of 6, 8, 9, 12, CPE ra days old 
plants respectively. 6 individual experiments, N in per‘ cent of fresh weight (°/o f.w.) and 
dry weight (°/o d.w.). 
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The differences, expressed per dry weight, in soluble nitrogen and in 
protein nitrogen (counted as the difference between total and soluble nitrogen) 
between boron-deficient and normal plants are small but regularly recurring 
(Table 2). In the leaves and the roots there is generally 5 to 10 per cent 
more nitroge in normal plants than in boron-deficient plants, and the normal 
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Table 3. Total phosphorus content of root, stem, and leaf of plants 9, 12, and 14 days old 
respectively, in per cent of fresh weight (P/a f.w.) and dry weight (Yo d.w.). 
3 individual experiments. 


a 


Treat- Root Stem Leaf 
ment = 
% f.w. % d.w. % £.w. % d.w. % £.w. % d.w. 
== 18 0.078 1.39 0.061 0.90 0.144 1.08 | 
0.072 1.35 0.068 1.13 0.154 1.46 
0.075 1.40 0.065 1.02 0.109 1.26 
+B 0.065 1.61 0.051 0.90 0.184 1.45 
0.067 non 0.056 1.06 0.193 1.80 
0.081 1.82 0.044 0.77 0.109 1.48 


ones have slightly more of the nitrogen stored as protein. In the stem there 
is no difference in the protein nitrogen, but the amount of soluble nitrogen 
in boron-deficient plants increases to more than twice the normal amount 
after 2—3 weeks. 

Wadleigh and Shive (1939) got pronounced tests for degenerated proteins 
in the boron-deficient plants together with accumulation of ammonia and 
carbohydrate. Similar results have been published by Briggs (1943), who 
considers,the absence of an adequate supply of boron to inhibit the amination 
of carbohydrate. 

The total amount of phosphorus per dry weight is lower in leaves and 
rooots of boron-deficient plants than in normal plants (Table 3). In the stem 
the proportion of phosphorus increases with lack of boron the same way 
as nitrogen. 

Reed (1947) found consistently a greater percentage of phosphorus com- 
pounds (per dry weight) in the dwarfed chlorotic plants which had inadequate 
boron, but his plants being much older than ours, the results ‚are perhaps 
not comparable. 

As the boron-deficient plants contain more dry matter, the differences in 
nitrogen and phosphorus disappear or even become inversed if the amounts 
are compared to the fresh weights. There is, for instance, more soluble 
nitrogen per fresh weight in boron-deficient plants, while the difference in 
protein N is equalled. If phosphorus is expressed per fresh weight, the varia- 
tion becomes too great to permit any eonclusions. 

On the whole it seems difficult to find a connection between the meta- 
bolism of boron and that of nitrogen and phosphorus. The influence is prob- 
ably of secondary nature, perhaps caused by lack of available carbohydrate. 
Although there is more carbohydrate in boron-deficient plants, it seems to 


be in an inactive state. 
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Auxin and Peroxidase 


Our primary working hypothesis was that boric acid and the natural 
growth hormone IAA were related. Simple growth tests with addition of 
different combinations of boric acid and IAA to the nutrient solution gave 
no result. Direct analyses of the amount of auxin in roots and shoots were 
not very successful either. The results were rather irregular. As to the 
roots no conclusion can be drawn, but with the shoots there was some 
evidence that these contain slightly more auxin in boron deficiency. 

Nevertheless, we still presumed boric acid to have a growth-regulating 
effect and if not acting directly on IAA, it might exert an influence via an 
enzyme system, probably peroxidase, which has been shown to co-operate 
in the destruction of IAA in the tissues (Siegel and Galston, 1955). In our 
experiments with root tips, approximately 1 cm. long, of 11 to 12-day-old 
plants, it took 255—260 seconds for the boron-deficient ones and 520—550 
seconds for the controls to develop a color corresponding to 500 units in 
the Klett colorimeter, i.e., boron deficiency is followed by increased peroxidase 
activity in the root tips. Unfortunately we were not able to get any results 
with the method of Siegel and Galston for the determination of peroxide 
formation in tissues, owing to rapid self-induced darkening of the acetone-HCl 
solution, much stronger than the color caused by the purpurogallin of 
the tissue. 

The results do not seem very reliable, however, due to experimental diffi- 
culties, and we will wait for better biochemical evidence of a relationship 
between peroxidase, peroxide, IAA oxidase, and IAA before we add boron 
to the chain. 


Cell Wall and Carbohydrate 


A. Sugar 


As many others, lately e.g., Baker et al. (1956) we found a significant 
increase in reducing (mainly hexoses) as well as non-reducing (mainly 
sucrose) sugars in roots and leaves of boron-deficient plants compared to 
normal ones, while the difference between the stems was smaller. 


The experiment represented in Table 4 was chosen because it was analyzed 
at three intervals and therefore gives an indication of the time course of the 
changes induced by boron deficiency. For comparison see Table 5 where the 
weights and leaf lengths are given. All plants in this experiment were reared 
in tap water during the first 5 days, whereupon they were transferred to 
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Table 4. Content of reducing and non-reducing sugars of root, stem+ simple leaves and 

compound leaves of 7, 11, and 14 days old plants. During the first 5 days in tap water, 

thereafter in full nutrient solution with and without boron. Sugars expressed in mg. 
per g. fresh weight. 


Age of Root Stem-+simple leaves Compound leaves 
plants Treatment 
Red. Non-red. Red. Non-red. Red. Non-red. 
7 days 2 days — B 1.62 1.51 2.51 1.27 = | = 
11 days 6 days —B 1.73 0.68 1.19 1.30 2.30 1.64 
14 days 9 days —B 1.44 2.12 0.86 2.05 3.71 3.56 
7 days | +B 1.26 0.89 2.36 54) — 
11 days —+ B 1.15 0.25 0.90 0.96 0.97 1.30 
14 days +B 0.90 0.89 0.79 1.57 1.51 2.32 | 
Difference between plants without and with boron | | 
7 days 0.36 0.62 0.15 — 0.27 = | — 
11 days 0.58 0.43 0.29 0.34 1.33 0.34 
14 days 0.54 1.23 0.07 0.48 2.20 1.24 


full nutrient solutions with and without boron. After 2 days in this solution 
the first lot was sectioned in “root” and “stem-+ simple leaves” and analyzed. 
The cotyledons were removed. Already all parts of the boron-deficient plants 
are higher in reducing sugars. The boron-deficient roots also contain more 
non-reducing sugars, while there is less in the stems and the leaves. This 
tallies well with the morphological observation that the roots show the 
first signs of boron deficiency. 

After another 4 days the difference between the control and the boron-free 


Table 5. Fresh weights in g. per plant of root, stem+simple leaves, compound leaves, 

and cotyledons of 7, 11, and 14 days old plants. During the first 5 days in tap water, 

thereafter in full nutrient solution with and without boron. Same experiment as 
represented in table 4. 


St impl Compound 
Age of plants Treatment Root oD aeale > pie Cotyledons | 
| 
| 
7 days 2 days — B 1.05 2.45 = 0.38 
11 days 6 days —B 1.36 3.40 0.92 — 
14 days 9 days —B 1.32 4.06 1.86 — 
7 days +B 1.42 2.80 — 0.38 
11 days +B 2.18 3.84 1.20 —- 
14 days +B 2.00 3.50 1.88 — 
Leaf length in cm. after 14 days (9 days +B and —B resp. 
1st compound leaf 2nd compound leaf 
Treatment Single leaf (biggest leaflet) (biggest leaflet) 
—B 10 7 2—5 (showing def. sympt.) 
+B 10 6 3—6 
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roots is about the same as before, while a small increase in reducing as well 
as non-reducing sugars is noted in the —B “stem +simple leaves”. The 
greatest difference is found in the youngest section, “compound leaves”, 
where there are about twice as much reducing sugars and also a higher 
amount of non-reducing sugars in the boron-deficient plants. 

The same general trend is found among the oldest plants, which have been 
9 days in a boron-free solution. In addition the non-reducing sugars in both 
roots and leaves have increased strongly. 

If we compare with the distribution of nitrogen and phosphorus, the differ- 
ence is obvious. The greatest part of these elements in the young boron- 
deficient plants used in our experiments is probably derived from the 
cotyledons, however, which explains the higher content in the stems and 
lower content in the roots and the leaves in this case. 


B. Cell Wall 


All the boron-deficient plants analyzed for cell wall materials had charac- 
teristic boron-deficient roots, while most of the shoots were rather like the 
normal ones. This explains the great variation among the leaves, while the 
stems and especially the roots show regularly recurring differences between 
boron-deficient and normal plants in every experiment, although the differ- 
ences between the experiments sometimes are great. 


The higher amount of cell wall material of all fractions in the parts 
showing boron deficiency symptoms tallies well with the general high level 
of carbohydrate found in these plants, and this is also expected from their 
tough and coarse appearance. At the same time the greater concentration of 
cell wall materials in boron-deficient plants excludes the possibility of boron 
being of importance in the actual synthesis. 


C. Discontinuous Addition of Boron 


There is a possibility that boron regulates the growth by influencing the 
cell wall properties. We have studied the effect of discontinuous addition of 
small amounts of boric acid at such long intervals that morphological 
symptoms of deficiency have had time to develop in between. Then we can 
follow how the meristems of the laterals develop the whole time, but stretch 
only when boron is added. If the interval between the additions of boron is 
of suitable length, in our experiment 5 days, so that older meristems die 
from boron deficiency before more boron is added, we get rings of laterals 
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Table 6. Cell wall fractions approximately designed “pectin”, “hemicellulose”, “cellulose”, 
and “lignin”, in mg. per 9. fresh weight. 5 individual experiments, age of plants 8, 14, 
15, 15, and 16 days resp. 


“Pectin” ““Hemicellulose” 

Root Stem Root Stem | Leaf 

—B 4.4 Taal 26.6 11.2 12,2 35.1 
5.8 10.0 20.0 7.6 He 2 18.5 

6.0 9.6 20.7 9.8 8.1 16.9 

5.6 6.3 19.2 9.1 9.7 26.9 

3.8 Se 14.9 10.6 10.0 To) 

<+ B 3.8 6.8 31.4 9.2 1138 32.0 
4.7 8.8 19.9 8.8 7.9 16.8 

5.4 8.6 24.8 8.5 5.6 20.2 

4,9 6.3 20.2 9.0 9.3 25.6 

32 BY Ay 18.0 9.8 | 8.7 22.6 

“Cellulose” “Lignin” 

Root Stem Leaf Root Sen à fear 

—B 15.8 19.1 41.5 7.0 4.0 18.7 
15.4 18.0 31.8 5.8 4.3 14.5 

14.3 14.6 28.0 8.1 6.3 19.7 

14.4 16.4 32.5 5.7 4.8 14.6 

15.6 18.3 28.8 7.4 4.2 13.8 

+B 12.0 18.4 46.4 4.5 Al 23.3 
13.2 al 28.6 5.6 4.3 : 10.0 

10.4 13.0 28.0 6.8 5.4 15.2 

14.0 17.6 37.6 el 3.6 12.6 

12:7 eat 30.8 ee 4.0 oil 


growing out when boron is added, alternating with parts with dead lateral 
meristems from the periods of boron deficiency. 

Such plants are represented on Figure 2 together with typical boron- 
deficient and normal plants. The beneficial effect of boron is seen both on 
shoot and on root. Owing to greater difficulties in a detailed analysis of the 
growing point of the shoot, we shall restrict ourselves to an analysis of the 
different boron-induced steps of the growth of the root. There is no reason 
to believe that there is any principal difference in the development of the 
shoot meristem. he 

The first root has grown to the arrow during the first boron period. During 
the second period all the laterals of the first order grow to their final length 
and lateral meristems of the second order develop. These second order laterals 
do not manage to stretch before the second boron supply is depleted. When 
more boron is administered, the oldest of these laterals are not, able to stretch 
any more, giving these parts the characteristic prickly appearance of boron- 
deficient roots, while the meristems near the tips still are vigorous and grow 
out to normal laterals. 
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Discussion 


The chemically soundest hypotheses as to the action of boron in plants 
seem to be those connecting boric acid with carbohydrate. Schmucker postula- 
tes (1933) that boric acid may react with hydroxyl-rich organic compounds 
which serve as building units for cellulose, suggesting an intermediary role 
for the boric acid-carbohydrate complex similar to that of the phosphoric 
acid-sugar esters in the alcoholic fermentation. 

Experimental evidence that boron is associated with the cell wall or at least 
found there on analysis, is given by Smith (1944). In normal plants he finds 
about 55 per cent of the boron there, while in boron-deficient plants which 
contain only about 1/3 of the normal amount, about 70 per cent is recovered 
in the wall fraction. In another publication (Winfield, formerly Smith, 1945) 
he mentions in a note the condensation of 2,3-butane-diol via ester formation 
with boric acid to polymers containing 8—12 carbon atoms, a process 
analogous to the polymerization of glucose to starch via glucose-1-phosphate. 

To faciliate an interpretation of the data presented, it is necessary to have 
in mind a picture of what happens in the cell wall during growth. The process 
of cell elongation may be separated into two phases (Burström 1955). The 
first phase should involve a loosening of the cell wall and a plastic stretching, 
the second phase an active wall formation by intussusception of new micro- 
fibrils. The second phase is strongly influenced by the nutrient supply and 
closely connected with the carbohydrate metabolism. 

It is assumed that growth by intussusception dominates in roots while the 
plastic growth may be of greater importance in shoots. Auxin increases the 
elasticity but decreases the intussusception, which partly explains its different 
influence on shoot and root (Burström 1942). A possible explanation of the 
many failures in connecting boric acid with auxin could be that they promote 
different phases of the growth. 

Our experiment with discontinuous boron additions indicates that the 
primary influence of boric acid is exerted on the stretching phase. Lunde- 
gärdh (1942) has shown that synchronously with the rate of stretching there 
is an increase in the electronegative potential, i.e., an acidification of the 
surface layer of the cytoplasm compared to dividing or full grown cells. In 
another paper (1940) he shows that boric acid increases the acidity of the 
surface layer of the cytoplasm. 

The enhanced acidity of boric acid in the complex with polyhydroxy 
compounds is well known and forms the basis for different titrimetrical 
methods. Through the work of Béeseken et al. as reviewed by Zittle (1951) 
it is known that boric acid and carbohydrate may form complexes of different 
solubility depending on the relative concentrations. 
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Thus there is reason from a chemical point of view to presume that the 
acidifying action of boric acid in plants is due to its combination with carbo- 
hydrate, and nothing prevents the assumption that such compounds are 
formed especially during the growth and may be connected with the growth 
action of boric acid. 

It can further be expected that boron deficiency first will interfere with 
the growth phase most closely connected with the carbohydrate metabolism 
— l.e., the intussusception phase. Evidence in this direction is given by the 
fact that the first and most severe deficiency symptoms are found in the roots 
(Table 1), where growth by intussusception is supposed to dominate. 

Indirect support of the theory that boric acid may control the deposition 
of cellulose in the cell wall is given by Torssell (1956), who shows that 
boric acid may delay retrogradation of amylose in water solution, a process 
analogous to what may happen in the cell wall during growth. 

Gauch and Dugger (1953) who have made the most thorough investigation 
of the boron problem during the last years favor the idea that boron may 
be necessary for the passage of sugar through the protoplasmic membranes. 
According to their theory boron may react with the sugar molecule to form a 
complex which then moves through the membrane with greater facility than 
the sugar molecule itself. It is also possible that boron is associated with 
the membrane, reacting with the sugar molecule at this locus. A role of boron 
in the translocation of sugar was recently verified by Sisler, Dugger, and 
Gauch (1956) who found that, if boron was added, sucrose was more rapidly 
translocated in boron-deficient plants. 

Objections to these theories have recently been stated from different direc- 
tions. Working with cotton plants, Mcllrath and Palser (1956) found that 
carbohydrates were translocated even under conditions of boron deficiency 
so long as the phloem tissues did not become necrotic. 

O’Kelley (1957), studying the growth and sugar absorption by germinating 
pollen, found a much smaller increase in absorption rate with boron than 
Gauch and Dugger. In addition to a stimulatory effect on oxygen uptake and 
on sugar absorption, he suggests that boron functions either in protein 
synthesis or in the synthesis of some component of the cell wall, probably 
pectic materials. 

According to Ziegler (1956) the boron content of the sieve tube sap is 
5 ug./ml. and boron is thus a “trace element” even there, which excludes 
the existence of any sugar-boron compounds in appreciable amounts. 

The interpretation suggested by O’Kelley is more in agreement with our 
results. The general rise in the carbohydrate level in boron deficiency (Table 4) 
and also the somewhat higher content of cell wall material (Table 6) contradict 
Gauch and Dugger’s assumption that actual sugar deficiency would be the 
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cause of the growth anomalies when boron is deficient. The results in Table 4 
are what can be expected if it is assumed that the root growth is inhibited 
before the translocation is affected. 

The carbohydrate synthesis seems to proceed unimpaired in the leaves 
and sugar is translocated in the stem down to the root. Before the transport 
is blocked, the root growth is inhibited and carbohydrate accumulates. The 
shoot is not affected until a few days later. When the growth stops there 
too, carbohydrate accumulates; first the reducing, later also the non-reducing. 

The transport sugar is shown to be sucrose, while the hexoses appear as 
the first assimilation products (Mason and Maskell, 1934, Ziegler, 1956). 
If further chemical inversion of the carbohydrate is blocked, we should 
therefore expect an increase of sucrose in the root and of hexose in the shoot. 
Thus is accounted for the early rise — increasing with age — of non-reducing 
sugar (sucrose) in boron-deficient roots and the strong increase of reducing 
sugar (hexose), in the shoot, later followed by an increase of non-reducing 
sugar there too. 

The disparity between our results and the theories of Gauch and Dugger 
may at least partly depend on different technic. They worked with sand and 
soil cultures and plants of unstated age, while we used very young plants 
in which the development of boron deficiency had been very rapid. This 
does not exclude that the possibilities suggested by Gauch and Dugger also 
can be of importance. In the growing parts of a plant, however, where the 
consequences of boron deficiency are most important, a closer connection 
with the growth mechanism, for instance with the intussusception phase of 
the stretching, is probable. 


Summary 


A rapid and convenient method of obtaining boron-deficient plants in 
water cultures is described. With this technic morphological symptoms of 
boron deficiency develop within 3 days. 

A higher amount of nitrogen and phosphorus per dry weight is found in 
boron-deficient plants. However, if computed on the basis of fresh weight, 
the difference partly disappears depending on the higher percentage of dry 
matter in boron-deficient plants. 

No relatio between boron and IAA was obtained in simple growth tests. 
Boron-deficient root tips show an increased peroxidase activity. 

Roots and leaves of boron-deficient beans show a significant increase in 
reducing as well as non-reducing sugars. Analytical data of the time course 
of the changes of the sugar level are given. 
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À higher amount of cell wall material is found in those parts of the plant 
showing boron deficiency. 

Discontinuous addition of boron is studied on the roots. Rings of laterals 
grow out when boron is added, alternating with parts with dead lateral 
meristems from the periods of boron deficiency. 

The data are interpreted in relation to Burström’s theory for cell elongation. 
It is assumed that the primary influence of borie acid is exerted on the 
stretching phase. 


The author wishes to express her sincere gratitude to Professor H. Burström for 
valuable advice and criticism during the course of this work and also wishes to 
thank Miss Elsie Persson for carrying out the sugar and cell wall analyses. 

The investigation has been supported by a grant from the Swedish Agricultural 
Research Council. 
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Introduction and Methods 


Sucrose is easily split by plant organs, especially roots, and an active part 
of this sucrose-splitting activity is located at the surface of the roots (see 
Knudson 1920, Burström 1941, 1957, Said 1950). Sucrose in the surrounding 
solution is rapidly split without liberation of enzyme from the root. Probably 
this inversion is due to a P-fructosidase. 

B-Glucosidases have been shown to occur in many plants, especially in 
seeds and leaves but also in roots (see e.g. Rosenthaler 1913, Wehmer and 
Hadders 1933, Crook and Stone 1957) and are probably widely distributed 
in different species. Also B-galactosidase activity has been demonstrated in 
many plants (cf. Wehmer and Hadders 1933). Most studies have been made 
with homogenates or extracts, however, and no observations seem to be 
available about the location of the enzymes in the living roots. During an 
investigation of the effects of different sugars upon plant roots it was found 
that ß-glucosides and f-galactosides were split in a manner analogous to the 
cleavage of sucrose, and some preliminary results from the experiments will 
be given in this paper. 

Roots from young seedlings grown on moist filter paper in the dark at 20—25° C 
were used. The temperature and time of cultivation varied somewhat for different 
species, but the technique was essentially the same as described in Stenlid 1957 b. 
The roots were about 40 mm long when used in the experiments. 

For the assay of the ß-glucosidase activity the chromogenic p-nitrophenyl- 
B-p-glucoside (“niphegluc”) was used (cf. Hestrin et al. 1955, Jermyn 1955 a). The 
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test solution contained 1.5 ml. citrate-phosphate buffer according to McIlvaine (see 
Handbook of Chemistry and Physics), 0.5 ml. 41072 M niphegluc (California 
Foundation for Biochemical Research, Los Angeles; obtained through the courtesy 
of Dr B. Norkrans), the substance to be tested for effects upon the reaction, and 
distilled water to a volume of 10 ml. The concentration of niphegluc in the test 
solution was thus 2: 10° M. In all experiments a control containing only buffer, 
niphegluc and distilled water was included. If not otherwise stated, the pH of the 
buffer was 5.4. The ß-galactosidase activity was determined in a similar manner 
with o-nitrophenyl-ß-n-galactoside (“niphegal”, L. Light and Co.) as a substrate. 
In some experiments the hydrolysis of the B-glucoside salicin was followed by deter- 
mination of the liberated glucose according to the method of Philipson (1943). 

The roots were cut down into distilled water in test tubes, rinsed with distilled 
water, and the test solution except for the niphegluc was added. Two paraliels of 
each solution were always run. The tubes were placed in a water bath at 252208 
and air was bubbled through the solutions (the aeration was continued throughout 
the experiments). The reaction was started by addition of niphegluc (or niphegal) 
to the tubes. Samples of 1 ml were removed at certain intervals and mixed with 
4 ml. !/s; M Na,CO,. The light extinction of the liberated nitrophenols in the solutions 
was determined with a Beckman spectrophotometer DU at 400 mu for the 
p-nitrophenol and at 420 mu for the o-nitrophenol. 

The values are referred to a dry matter basis. In the present paper only the 
effects of different substances upon the cleavage have been studied. As controls were 
included in all experiments, possible variations of the root surface (cf. Burström 
1957) between the experiments can be assumed to affect the results only slightly. 
Comparisons between different species may, however, be uncertain as the quotient 
surface/dry matter is certainly different for the different species. 

In experiments with enzyme preparations from fungi, Norkrans (1957) found 
that the cleavage of niphegluc proceeded at a constant rate up to 60 per cent of 
total cleavage and no inhibitory effects from the liberated nitrophenols upon the 
enzymes have been reported (cf. Hestrin et al. 1955). In the present investigation the 
reaction rate decreased earlier in most of the experiments (see Table 1). This is 
probably connected in some way with the fact that nitrophenols produce con- 
spicuous toxic effects on wheat roots (see Stenlid 1949), and it is likely that the 
reaction is disturbed by secondary effects in the living root. If the tests are made in 
larger volumes the concentration of the liberated nitrophenols is lower and the 
decline of the velocity is not so pronounced (cf. Table 3). A low concentration of 
the niphegluc and a short duration of the experiments is therefore desirable, and 
in most experiments the difference in extinction between samples removed at 15 
and 45 minutes was used as a measuree of the reaction velocity. In the experiments 
with niphegal longer times (and sometimes higher concentrations) were chosen as 
the rate of the reaction was slower and the extinction at the absorption peak is 
only circa 20 per cent of that of niphegluc of the same concentration. 


Experimental Results 


All roots tested split the niphegluc, but the activity differed widely between 
the species (see Table 1). The activity of wheat and cucumber roots was tested 
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Table 1. Cleavage of niphegluc, niphegal, and salicin by excised roots. The values give the 
amounts in umol. split by 10 mg. dry matter. The values in parentheses give the per cent 
of total cleavage at the end of the experiments. 


a ee 


Bam neeies Substrate Time period, minutes 
M 3 = 

0—15 15—45 15—180 0—120 | 

| 

Wheat Niphegluc, 2: 10—+ 0.12 0.17 (30 %) = = | 
> Niphegai, 2-10—+ — | — 0.4 = 
» Salicin, 3- 10-3 == = = 2.8 
Cucumber Niphegluc, 2-10—+ 0.6 | 0.7 (60%) — = 
a Niphegal, 2 -10—+ — | — 1.0 | — 
u Salicin, 3 - 10-3 = — — | 4.2 
Maize Niphegluc, 2 - 10—+ 0.07 0.08 (40 %) — — 
35 Niphegal, 2-10—+ — | — 0.05 = 
Barley Niphegluc, 2- 10-4 0.08 | 0.09 (30 %) = ar 
Flax Niphegluc, 2 - 10—+ = | = 0.2 — 
rn | Niphegal, 2-10—4 — — 0.2 — 
Pea Niphegluc, 2 - 10—* — — 0.01 = 
& Niphegal, 2-10—4 ae = 0.007 = 


in different phosphate-citrate buffers (see Table 2). The activity was found 
to decrease at pH values above 5.4, but no distinct pH optimum was obtained. 
As a standard buffer in the experiments pH 5.4 was chosen. The pH optimum 
for B-glucosidases varies with the source and purity of the enzyme and also 
with the substrate (see Veibel 1950). In experiments with living roots further 
complications may be expected, especially as the toxicity of the nitrophenols 
varies with pH (cf. Stenlid 1949). 

Salicin, another standard substrate for the assay of ß-glucosidases, is split 
both by wheat and cucumber roots (see Table 1). The velocity is somewhat 
greater than for the cleavage of niphegluc. There are indications that cello- 
biose can be utilized by excised roots (see Almestrand 1957, Stenlid 1957 a), 
which agrees with the occurrence of a B-glucosidase in the roots. 

Only insignificant amounts of the enzymatic activity were liberated into 
the solution. Excised wheat roots were placed in the test solution without 
niphegluc for one hour, whereupon the solution was decanted from the roots 


Table 2. The activity of B-glucosidases in wheat and cucumber roots at different pH. 
The values are expressed as per cent of the activity at pH 5.4. 
oo 

Ph at the beginning of the experiment 


Species = ESS = : 
Ls OE eee eet 6.6 hoe E 
| | | 
BATA eenen: 191 123 139° 100 pie 1a 30 
Cucumber........ 107 108 Comme = 100 98 | 91 i 68 
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Table 3. Comparison of the splitting of niphegluc by 15 excised cucumber roots and roots 
from 15 intact plants floating on a cork disc. Volume of the test solution 50 ml. 


| Material 


| 10 min. 20 min. | 30 min. | 40 min. 
Intactzplaniserser ee 0.43 0.97 1.34 | 2.62 
EXCISe OF TOOL ee co 0.47 1.03 | 1.49 2.70 


and tested for enzymatic activity by addition of niphegluc. The activity of 
the solution was now only a few per cent of the activity in the solution with 
roots. It is also obvious from the time course of the cleavage that it cannot 
be due to liberated enzyme. In such a case the rate of splitting should be low 
at the beginning but increase with the liberation of the enzyme. On the 
contrary, the velocity was highest in the beginning of the present experiments. 

The wound effect of the cut surfaces seems to be small. The rate of cleavage 
was about the same for roots from 15 intact cucumber plants as for 15 
excised roots (Table 3). This agrees with the results of Burström (1957), who 
found that the influence of the cut surface upon sucrose inversion by wheat 
roots could be neglected. 

Experiments with aldonic acid lactones make it highly probable that a 
B-glucosidase is really responsible for the cleavage. It has been shown (see 
Conchie and Levvy 1957) that different glycosidases are rather specifically 
inhibited by the lactones of the aldonic acids corresponding to the sugars in 
the glycosides. Gluconic acid 1 : 5 lactone (the 1 : 4 lactones of galactonic and 
arabonic acids produce much less pronounced effects) inhibits a- and 
B-glucosidases, whereas galactonic acid lactone is the most potent inhibitor 
for ß-galactosidase. In Table 4 it is shown that the splitting of niphegluc is 
very sensitive to the lactone of gluconic acid. The relative effects of arabonic 
and galactonic lactones are similar to those obtained by Conchie and Levvy. 
As a-glucosidases do not attack ß-glucosides, these results strongly support 
the view that a ß-glucosidase is responsible for the cleavage of the niphegluc. 

The experiments with lactones indicate that different enzymes or at least 
different active centres catalyze the cleavage of niphegluc and niphegal. For 
cucumber roots galactono-lactone is a more effective inhibitor with niphegal 
as a substrate and glucono-lactone with niphegluc. The results with wheat 
roots are less conclusive. Glucono-lactone is the stronger inhibitor for both 
substrates, but the difference between the lactones is much greater in the 
experiments with niphegluc (see Table 4). The ß-galactosidase activity is as 
a rule much weaker than the ß-glucosidase activity as judged from the effects 
upon niphegal and niphegluc. Only in flax roots was the B-galactosidase 
activity found to be about the same as the ß-glucosidase activity. In this 
Physiol. Plant., 10, 1957 


SURFACE-LOCATED ACTIVITIES 1005 


Table 4. Effect of aldonic acid lactones upon the cleavage of niphegluc and niphegal. 

Time period used in the experiments with niphegluc 15—45 minutes, in the experiments 

with niphegal 15—135 minutes. The values give the cieavage in per cent of the controls 
without lactones. pH of the lactones adjusted to 5.4 before addition. 


sr ee 


are SR ee a of inhibitor mM 
0.3 1% er 10 30 50 
Cucumber | Niphegluc Glucono-lactone BO | hi 1 

= | Niphegluc Galactono-lactone _ — — 92 60 — 
e | Niphegal Glucono-lactone — — — 51 = -- 
4 Niphegal Galactono-lactone = = 35 — = 
Wheat | Niphegluc | Glucono-lactone 83 25 17 7 — — 
Fs Niphegluc Galactono-lactone = 50 
be Niphegluc | Arabono-lactone = 25 

5 Niphegal Glucono-lactone = 39 
. Niphegal Galactono-lactone | — - 48 | — 


connection it should be pointed out that flax seeds contain a high percentage 
of galactose in polysaccharides. The galactose is L-galactose, however (see 
Anderson 1933). 

It is a difficult task to decide whether the enzymatic reaction is located 
at the root surface (epidermis with root hairs) or in the interior of the root 
(cf. discussions in Rothstein 1954 and Burström 1957). It does not seem 
probable that the niphegluc should be transported inwards and split in the 
cortex with subsequent liberation of the nitrophenol, as the velocity 
of the reaction is rather high from the beginning. The rapid decrease 
of the reaction rate after the addition of gluconic acid lactone (see 
Table 5) shows that the cleavage is in all probability a real surface reaction. 
A good inhibitory action is attained already after 10 minutes, a fact which 
is difficulty compatible with a hypothesis of a cleavage in the interior of 
the root. 


Table 5. Effect of the addition of gluconic acid lactone upon the cleavage of niphegluc 
by cucumber and wheat roots. Gluconic acid lactone added at 10 minutes. The values 
give the amounts split in umol/10 mg. dry matter. 


a a 3 a ET Te N un 
Time in minutes 


| Plant species Conc. of N 
| lactone I Eee 30—40 
eee one) Oe eee A eee 
| | 
| Cucumber | 0.3 mM 0.66 0.38 0.31 = 
De Control 0.63 0.55 0.53 A 
v | 3 mM 0.38 | 0.018 0.003 0.006 
” Control 0.39 0.34 0.28 0.25 
Wheat | 1 mM 0.096 0.024 0.017 ce 
# | Control 0.103 0.087 0.090 u 
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Table 6. Effect of some sugars and sugars derivatives (concentration 50 mM) upon the 
cleavage of niphegluc by wheat roots. Time period used 15—45 minutes. The values give 
the cleavage in per cent of the control without sugar added. 


D ATAPDINOSE an cassie cise ie aye ee oe 50 Galactose... acces cote cic cesse 93 
ES ALADINOSC ee a Co CT ne 80 Glücosete 22 alu seen 46 
Cellobio see ME Bender estate 42 Mannitol” ...2 soc a 2:00 ee 63 
I-dEesoxy-D-glucoser ee 45 Mannose ere ie ites ee ene 53 
BructOSes ee are 73 Salicmal er ee A RSS 22 


In connection with studies of toxic effects of sugars upon plant roots 
(see Stenlid 1957 a), it is of interest to investigate the effect of sugars upon 
B-glucosidases in roots. As has been found for ß-glucosidases from other 
sources (see e.g. Jermyn 1955 b, 1957), distinct inhibitory effects were found 
with several sugars, both those which can serve as a substrate and others 
(see Table 6). Relatively high concentrations are required, however, and it 
is not very plausible that the effect upon ß-glucosidase is the cause of the 
toxic action of some of the sugars (cf. discussion below). 


It is supposed that many carbohydrases are at the same time trans- 
glycosidases and that they may use either water or some sugar as acceptor 
for the glucone part split off from the glycosides. B-Glucosidases are thus 
able to link glucose to other mono- or disaccharides, thereby synthesizing 
di- or trisaccharides and so on (see Jermyn 1957, Crook and Stone 1957). 
Such a synthesis is not proved for the glucosidases in the roots, but it is 
nevertheless tempting to speculate about the possible importance of the 
enzyme for the synthesis of ß-glucosidic linkages, which are formed during 
the growth process. The gluconic acid lactone in concentrations which inhibit 
the B-glucosidase strongly (1—3mM) caused only slight inhibitions of wheat 
root growth, however. It is therefore not very probable that the ß-glucosidase 
studied in the present investigation is an important enzyme in root growth, 
but the question should be examined in more detailed experiments. Nor is 
it plausible that the inhibition of B-glucosidase by some sugars is responsible 
for the growth inhibitions caused by the same sugars. There is, however, 
another hypothetical possibility. It has been shown that disaccharides con- 
taining galactose are formed by ß-glucosidases in the presence of galactose 
through the transferring properties of the enzyme (Crook and Stone 1957), and 
these compounds might then be the toxic substances. Also through the action 
of galactosidases toxic sugars might be formed. Invertase is another enzyme 
with transferring activity, and disaccharides with other linkages than those 
in sucrose may be formed (see Edelman 1956). It is then interesting that 
externally applied sucrose is toxic to excised wheat roots (Burström 1941). 
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Table 7. Effect of AgNO3 upon the cleavage of niphegluc by wheat and cucumber roots. 
For further explanations see Table 6. 


Re 0 
Concentration of AgNO,, M 


Species ee zZ = 
31060 | 10-57 M 3. 10-8 

MINE EEE Grec ee 80 50 | 34 

Gucumber er. 103 | 107 | 125 


which might be due to the formation of small amounts of “abnormal” 
sugars during the hydrolysis of sucrose. 

Preliminary experiments have indicated that there are several differences 
between the ß-glucosidase activities in different roots. In wheat roots 
3:10 53-10 5 M AgNO, (Ag ions are known to inhibit the enzyme) 
inhibits the reaction, but cucumber roots are insensitive to the same con- 
centrations (see Table 7). Galactose has different effects upon different 
species, and further it has been found that the pH curves for the activity 
are not of the same type for all species. At present it is impossible to decide 
whether these variations are due to differences between the enzymes them- 
selves or to the location of the enzymes in the roots. 


Summary 


Different plant roots split p-nitrophenyl-ß-D-glucoside (niphegluc) and 
o-nitrophenyl-ß-D-galactoside (niphegal) in solutions surrounding the roots. 
As a rule niphegluc is split more rapidly than niphegal. The cleavage of 
niphegluc is strongly inhibited by gluconic acid lactone, which is known 
as a potent inhibitor of ß-glucosidase. The rapid decrease in the velocity 
of the cleavage after the addition of the lactone indicates that a surface- 
located enzyme is responsible for the reaction. 


This investigation has been supported by a grant from Magnus Bergvalls Stiftelse, 
Stockholm. For technical assistance I am indebted to Mrs Ellen Melin. 
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1. Introduction 


The production of organic matter by plankton algae has been much dis- 
cussed during recent years. It has been suggested as a means of increasing 
the production of food by the cultivation of algae in large basins. Considerable 
work has been done in this field and even pilot plants for algal culture have 
been built; cf. Burlew 1953 and Tamiya 1957. The latter author concludes, 
p. 329; “it seems justified to say that the time will not be far distant when 
the industrialization of algal mass culture will be realized”. 

Hardly any scientists seriously imagine that we are going to convert our 
highly productive fields into Chlorella-basins. Such basins must be built at 
places where a normal agriculture is impossible or difficult but where factors 
such as light and water — perhaps salt water — are optimal. Although, at 
the present time at least, it is unrealistic to assume that plankton algae like 
Chlorella will oust our ordinary field plants, it is highly important for 
science to compare the maximum rates of production per surface area in 
the two categories of plants. 

In his table of photosynthetic rates under optimal, near-natural conditions 
Verduin 1953 quotes a photosynthetic rate of 18 micromoles CO, per hour 
per cm? soil for herbaceous mesophytes from the temperature zone (alfalfa). 
The gross production is thus 2.2 gC/m?-h. 

For plankton algae from natural habitats with optimal conditions Verduin 
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quotes a photosynthetic rate corresponding to 0.24 gC per m? per hour, only 
slightly lower than the maximum rates measured by the present writer both 
in freshwater and in the sea (Steemann Nielsen and Aabye Jensen 1957). 
For large scale cultivation of Chlorella the photosynthetic rate under optimal 
conditions according to Verduin is 7 micromoles CO, per cm? per hour 
(=0.84 gC/m?-h). In the past few years both the culture techniques and 
the algal strains used have been improved considerably. According to Tamiya 
1957, in Japan yields are now obtained of a size which must correspond to 
a photosynthetic rate of about 1.5 gC/m?-h. 

The highest rate is, however, still found in the terrestrial higher plants, 
although these are grown under natural field conditions. If the concentration 
of CO, in the air is increased it should be possible to obtain a considerably 
higher rate of photosynthesis. In the Chlorella cultures the concentration of 
CO, is already optimal. It will be shown in the following sections that 
theoretically we have reason to expect a better light utilization in communities 
of terrestrial higher plants than in those of plankton algae. 

When discussing maximum production in communities of plankton algae 
it is important to note that a really high rate per surface unit is theoretically 
possible only if the depth of the photic zone (the zone from the surface down 
to the compensation depth) is shallow (Steemann Nielsen 1954). If the depth 
of the photic zone is considerable, most of the light energy is absorbed by 
the water and is therefore not used in photosynthesis. According to Jerlov 
— cf. Steemann Nielsen and Aabye Jensen 1957 — in a sea of absolutely pure 
distilled water the depth of the photic layer would be about 140 m. The reason 
for the low rates of production found in the deep blue parts of the oceans 
is thus obvious. The depth of the photic layer is here about 120 m. Both in 
the oceans and in the lakes an inverse interrelationship is found between the 
depth of the photic layer and the rate of organic production per surface 
unit (Steemann Nielsen 1954, Ichimura 1956b) In the basins of pilot plants 


used for culturing plankton algae the depth of the water is only a few 
centimetres. 


2. Light Utilization in Plankton Algae 


Photosynthesis consists of a multitude of single reactions. At least one 
of these is a photochemical reaction whereas the others are normal chemical 
reactions activated by enzymes. The over-all reaction is limited only by the 
photochemical reaction (s) at lower light intensities. At high light intensities 
the limitation is taken over by one or several of the enzymatic processes 
ultimately effecting light saturation. 
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The optimally effective light utilization in photosynthesis is thus found 
only at the low light intensities where there is proportionality between light 
intensity and rate of photosynthesis. After reaching the light saturation 
plateau of a normal light-assimilation curve the light energy is utilized more 
and more ineffectively. In most sun leaves of terrestrial plants the light 
saturation plateau remains constant up to the highest light intensities to 
which the leaves normally are exposed. Using extraordinarily high light 
intensities, it is on the other hand possible to damage the leaf causing a 
decrease of the photosynthetic rate. In “shadow” leaves this detrimental light 
intensity may be found in normal sunlight. 

Plankton algae differ principally from the leaves of higher terrestrial plants 
concerning the influence of high light intensities on the rate of photosynthesis. 
Even in plankton algae collected near the surface full sun light nearly always 
‘produces light inhibition to a considerable degree. Figure 1 is presented as 
an exemple. As far to the north as latitude 70°, light inhibition has been 
found by the present writer near the surface at a sunny day. Several workers 
have presented series of light-assimilation curves for different species of 
plankton algae within the entire range of light to which phytoplankton in 
nature may be exposed. The curve in Figure 2 after Ryther 1956 presents 
a generalization of such experiments. 

Light inhibition in plankton algae seems primarily to be due to a 
chlorophyll-activated decomposition or inactivation by high light intensities 
of some enzymes of importance in photosynthesis. At the same time an 
appreciable part of the chlorophyll may be inactivated. If the latter inactiva- 
tion is not too pronounced no direct influence on the rate of photosynthesis 
at high light intensities is observed. By transferring the algae to a low light 
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Figure 2. À generalized curve showing relationship between photosynthesis and light 
intensity in marine phytoplankton. From Ryther. 


intensity it is possible to investigate this special inactivation, as the rate of 
photosynthesis at low light intensities is proportional to the light energy 
absorbed by active chlorophyll — or other photosynthetically active pigments. 
The chlorophyll inactivation probably represents an important defence at 
high light intensities against a too pronounced chlorophyll-activated de- 
composition by photo-oxidation of cell constituents. A discussion of the 
physiological background of the inhibition is given by Steemann Nielsen 1951. 

At first sight it may seem astonishing that light inhibition is not found in 
higher terrestrial plants in contrast to plankton algae generally. It is more 
readily understood, however, if we consider the light perception of the 
individual chloroplasts in plankton algae and in ordinary terrestrial plants, 
respectively. In plankton algae any single chloroplast is exposed to the 
maximum light intensity found in a plane perpendicular to the direction 
of the light. As will be shown in the next section, this is not the case for 
the chloroplasts in the leaves. 

The lack of light inhibition in bright light in leaves of terrestrial plants 
in contrast to plankton algae is not the only difference between the light 
utilization of the two categories of plants. As will also be shown in the next 
section the light is much more effectively utilized in the leaves. In order to 
give the necessary background for this fact we will consider a theoretical 
example concerning plankton algae. 

Let us assume that the light energy in bright weather penetrating a definite 
surface of the sea or a lake is divided into, e.g., 10 equally large parts, each 
penetrating a surface equal to the original surface. No light inhibition would 
be found at the surface and the light utilization would increase considerably. 
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GROSS PRODUCTION 


Let us consider a tropical locality in the ocean where the depth of the photic 
layer is 100 m. If the plankton algae are evenly distributed in the layer we 
obtain the hypothetical curve shown in Figure 3, after Steemann Nielsen 1954. 
It represents the daily relative rates of total photosynthesis at the different 
depths on a clear day. 

The maximum rate is found at a depth of about 20 m, where the average 
of the blue and green parts of the light falling on the surface is reduced to 
nearly one-third. As the rays of the red part of the spectrum are completely 
absorbed in the upper 10 m, for the sake of clarity although not quite 
correctly — we may disregard this part of the light. 

Steemann Nielsen 1954 has discussed how the photosynthesis going on 
below a surface unit will vary in the sea with a normal depth of the photic 
layer of 100 m, when the light at the surface is reduced, e.g., to one-third, 
one-fifth or one-tenth. In the latter case the rate of photosynthesis at the 
surface would be the same as that going on at a depth of 50 m on a bright 
day. The curve showing the dependence of photosynthesis on depth is 
identical with that which would be obtained if the curve in Figure 3 is shifted 
bodily 50 m upwards. The depth of the photic layer is thus reduced from 
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100 m to 50 m. The rate of photosynthesis at the surface decreases only 
about 15 per cent (or still less- because of the red light). The rate for the 
whole photic layer per surface unit on the other hand decreases by about 
75 per cent and only about 25 per cent are left over. 

In the theoretical example, however, we have now 10 surface units instead 
of one. The total rate of photosynthesis below all surface units is thus 
ee =2.5 times the rate which would occur if all of the light energy had 
penetrated the surface of a single unit. 

It the total energy penetrates a single surface unit we may denote the 
concentration of algae — or chlorophyll — in the photic zone below this 
surface unit by a. If the energy is equally divided between 10 units the 
depth of the photic layer is halved. The amount of algae — or chlorophyll — 
in the photic layer below a single one of these units is thus about 1/2 a. The 
concentration of algae — or chlorophyll — in the photic zone below all 10 


LOC ace. : : 
units is consequently ro ie. 5 times higher compared to the conditions 


when all of the light energy penetrated the surface of a single unit. 

It is possible to imagine arrangements according to which the light could 
be used by the plankton algae in a way somewhat similar to the theoretical 
example shown above. Tamiya 1957 p. 318 mentions such devices which, 
however, have not been tried out experimentally. In one of these, light- 
diffusing cones might be used with their bases at the illuminated surface. 
The light is reflected horizontally into the culture. In the next section, 
however, it will be shown that in terrestrial plants Nature has been able to 
establish such an arrangement which does not seem to be much inferior to 
the system proposed above as a definite theoretical possibility. 


3. Light Utilization in the Leaves of Higher Terrestrial Plants 


In many communities of terrestrial plants Nature has created an inner 
architecture and a placing of the leaves such as to create conditions whereby 
the light is “diluted” before reaching the chloroplasts. It is divided over a 
greatly increased surface compared to the surface area of the locality in 
question. This is done in several ways. 

Firstly, the leaf area (one-sided) in such communities is several times 
greater than the area of the soil — in a beach forest about three times — 
Gessner 1949. Boysen Jensen 1932 and 1949 has instructively called attention 
to the fact that in most communities of terrestrial plants the leaves are 
placed in such a way that the light utilization at high light intensities is 
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markedly increased compared to the utilization possible if the area of the 
community were covered by a single horizontal layer of leaves. Figure 4 
presents a typical example. 

A second instance to which attention was called by Steemann Nielsen 1940 
seems, however, to be of equally high importance. The epidermis of the leaves 
— primarily sun-leaves — functions as a screen which rather effectively 
diffuses the light. The chloroplasts in the palissade cells below the epidermis 
are situated close to the lateral cell walls. The palissade cells are more or 
less surrounded by intercellular spaces. This effects an almost total reflection 
of the light rays on their way through the palissade cells. These cells thus 
functions as more or less individual light channels on the sides of which 
the chloroplasts, because of the diffusing effect of the epidermis, never receive 
the full strength of the light. The light energy penetrating the surface of the 
leaf is thus “diluted” over a large “inner surface”. 

Model experiments showing the light conditions inside a leaf were presented 
by Steemann Nielsen 1940. By using as an “epidermis” an opal which 
diffused the light to the same degree as an ordinary epidermis of a sun-leaf 
the light was divided over a much larger inner area of the model palissade 
cells and no area received the full strength of the light. 

The light is however, not evenly distributed over the inner surface of the 
palissade cells carrying the chloroplasts. In Nature, however, the inner areas 
of the palissade cells receiving larger or smaller light intensities normally 
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change rapidly. By observing the leaves in most communities of terrestrial 
plants it is easy to state that even in a slight wind the position of the leaves 
continually varies. The light intensities reaching the single chloroplasts 
vary rapidly. Light conditions rather similar to those found during inter- 
mittent light are thus created inside the leaves. It is a well known fact that 
it is possible to increase the utilization of high light intensities by using an 
intermittent illumination; cf. for example Rabinowitch 1956. 

The instances mentioned — the enlarged surface area of the leaves 
compared to that of the surface of the soil, the enlargement of the illuminated 
inner surfaces carrying the chloroplasts and the partly intermittent illumina- 
tion of the single chloroplasts — all must increase the utilization of the light 
energy at high intensities in communities of terrestrial higher plants. These 
are thus functionally superior to plankton algae at high light intensities. 
Practical experiences seem to corroborate this view. 


4. Maximum Quantity of Chlorophyll per Surface Unit of Soil or 
Water in Plankton Algae or Terrestrial Plants 


In section 2a theoretical plankton example was discussed in which the 
light was divided into 10 equal parts each penetrating the surface of an 
area unit. It was shown that 5 times as much chlorophyll would be found 
in the photic zone below the 10 surfaces compared to the amount below the 
single surface when the total light energy penetrated this surface. As the 
community of terrestrial plants was shown to utilize the light in a way rather 
similar to that in the theoretical plankton example, we must expect, con- 
sidering a surface unit of soil or water, to find much more chlorophyll in a 
community of terrestrial plants than in the photic layer in a community of 
plankton algae even if the thickness of this layer is inconsiderable; cf. p. 1010. 
It is easy to prove the correctness of this view. 

In terrestrial plant communities the whole amount of chlorophyll is found 
in the zone where normally a positive production of organic matter takes 
place. According to Gessner 1949, 1000 and 1300 mg chlorophyll was found 
per m? of the soil in a meadow and in a beach forest respectively (Germany). 

Such large quantities of chlorophyll have never been found in the plankton 
from the photic zone, although they may be found below a square metre of 
the surface in very eutrophic lakes. But such values, as for example those 
presented by Gessner 1949, included all chlorophyll from the surface down 
to the bottom. In very eutrophic lakes most of the chlorophyll is often found 
below the compensation depth. According to the table presented by Gessner 
1949 p. 383, 606 mg chlorophyll was found per m? in Wessling Sea (August 
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oth.) The depth of the photic layer was about 2.5 m according to the vertical 
distribution of oxygen. 148 mg chlorophyll was found per m? in these upper 
2.5 meters. According to Ichimura 1956 a, chlorophyll per m? never exceeded 
200 mg in the photic layer of Japanese lakes. 

In the basins of the pilot plants for growing Chlorella and other algae the 
concentration of algae is such that the water layer just represents the photic 
layer. The depth of the basins is only a few centimetres. The absorption of 
light by the water is, as mentioned on p. 1010, virtually negligible. All light 
is thus absorbed by the algae. We are forced to suppose that the concentration 
of chlorophyll (incl. other pigments) found must be at a maximum. In one 
of the most successful pilot plant experiments in the U.S.A. described by 
Burlew 1953 p. 251, the standing crop of algae was held constant at a value 
equal to about 300 mg chlorophyll per m? surface. The quantity of chloro- 
phyll was computed from the values of dry weight of the algae by using the 
conversion factor for Chlorella grown outdoors — presented in the same 
paper p. 65. In similar experiments in Germany according to Gummert, 
Meffert and Stratmann — cf. Burlew 1953 p. 166-176 — the quantity of 
chlorophyll per m? surface was the same. 

Date compiled by Strain 1950 for a 5 u layer of a 2 per cent chlorophyll 
solution indicates an 80 per cent absorption of red and blue light — cf. also 
Myers 1953. A layer of 5 u of such a chlorophyll solution contains 100 mg 
chlorophyll below one m? surface. 100 mg chlorophyll/m? thus reduces the 
red and blue light to 20 °/o. 300 mg correspondingly reduce it to 0.8 °/o. 

In a suspension of plankton algae the chlorophyll is distributed in a 
multitude of single cells. If the chlorophyll in the algae below 1 m? surface 
is 300 mg and the algae are cubic in form, each side being 5 u, and if finally 
1 mg chlorophyll is found per 100 mm? of the algae (normal concentration) 
each light ray must penetrate through an average of 6 algal cells. It might 
thus be justified to compare the light absorption of the chlorophyll solution 
and that of the suspension of algae. In the algae compounds other than 
chlorophyll are found which absorb the light further. The scattering of the 
light is more pronounced in the suspensions of algae than in the solution 
of clorophyll. Therefore 300 mg chlorophyll per m? must be considered 
an absolute maximum in the layer down to the depth where the light is 
reduced to one per cent. This is in accordance with the content of chlorophyll 
found in the pilot plants for growing Chlorella as noted above. 

The maximum quantity of chlorophyll per m? surface is thus only about 


i of that found in terrestrial plants. The theoretical plankton example (p. 1012) 


where the light was divided over a 10 times enlarged surface, and where the 


amount of chlorophyll in the photic layer was increased by a factor of 5; 
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seems thus to be fairly adequate for describing the light conditions in a 
community of terrestrial plants. 

As shown by Willstätter and Stoll 1918 the maximum rate of photosynthesis 
in leaves is largely independent of the chlorophyll-concentration. Per unit 
of chlorophyll the maximum rate of photosynthesis was nearly 20 times 
higher in the leaves of a yellow-green variety than in normal leaves of elder. 
Gabrielsen 1948 described chlorophyll as a typical low-light factor in 
photosynthesis. 

At high light intensities the rate of photosynthesis is limited by the rate 
of the enzymatic processes in photosynthesis. The considerably increased 
yields in the mass cultures of Chlorella obtained in the past years must be 
considered due primarily to an increase in the rate of enzymatic processes 
as a result of better growth conditions and to a selection of strains with 
especially high concentrations of the enzymes involved in photosynthesis. 

Theoretically we could imagine that the rates of all of the different 
enzymatic processes were increased to such a degree that the photochemical 
process in photosynthesis became rate-limiting at all normal light intensities. 
We would then obtain the absolute maximum rate of photosynthesis per 
surface unit. The curves presenting photosynthesis as a function of light 
intensity would thus be linear without showing any light saturation plateau 
at normal light intensities. As yet no curves of this type have been presented, 
however. On the other hand, we cannot be absolutely sure that the larger 
amounts of chlorophyll per surface unit in terrestrial plants is a definite 
proof that the maximum daily yield possible has to be higher than that in 
plankton algae. For the present, however, it seems to be so. 

As shown on p. 1017, in natural plankton communities it is justified to take 
as the maximum 200 mg chlorophyll per m? of the surface in the photic 
layer. As a fair approximation we may estimate the maximum daily gross 
aX70Xb Xe; 


1002 
where a=optimum gross production (mgC) per hour per m?, b=depth in m 


of the photic zone, and c=number of hours from sunrise to sunset (cf. 
Steemann Nielsen 1952). 

We may thus compute for a twelve-hour day the maximum rates of gross 
production for varying assimilation numbers at the maximum concentration 
of 200 mg chlorophyll/m.? The assimilation number as defined by Willstatter 
and Stoll is: g CO, assimilated per hour per 1 g chlorophyll at optimum 
light intensity. 

As mentioned on p. 1010, according to Verduin 0.24 gC/m° : hour is the 
average maximum gross production rate in lakes. This would correspond to 
an assimilation number of about ten if the chlorophyll content is put at 
Physiol. Plant., 10, 1957 


production in bright weather below 1 m? of the surface to be 
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Table 1. The maximum rates of gross production for a twelve hour day at 
200 mg chlorophyll/m? in the photic layer. 


Assimilation number | C/m?/day | 
| 
| 

5 | dd | 
10 | 2.3 | 
| 15 | 3.4 | 


200 mg/m?. This is in agreement with the actual assimilation numbers found 
in productive lakes — cf., e.g., Gessner 1949. It is very probable that an 
assimilation number higher than ten may be found in Nature if the life 
conditions are extremely good. 

The content of chlorophyll is very likely in many cases less than 200 mg/m? 
although the gross production is about 2.3 gC/m°?:day. The assimilation 
number would be more than ten in those cases. Finally, somewhat higher 
production rates are found (Steemann Nielsen and Aabye Jensen 1957, 
p. 75—76). 

The very high production rates recently obtained in the Chlorella pilot 
plants in Japen — Tamiya 1957, cf. p. 1010 — must mean that strains of 
Chlorella have been found which have an assimilation number of about 
40 under optimum conditions. When computing the number, the day-length 
near Tokyo in June was taken into consideration and a chlorophyll con- 
centration of 300 mg/m? was assumed. 


5. Summary 


1. Per unit of area of soil or water it is at present possible to obtain a 
maximum daily yield of organic matter which is about 60 per cent higher 
in terrestrial plants in the field than in plankton algae; even when the most 
successful of recent Chlorella-pilot-plant experiments are used for comparison. 

2. The maximum quantity of chlorophyli per surface unit in the photic 


1 L 
layer of a community of plankton algae is only about 5 of that in a com- 


munity of higher terrestrial plants. 

3. The theoretical background for 1 and 2 is explained. It is shown that 
in terrestrial plants light is considerably “diluted” before reaching the chloro- 
plasts. This is achieved a) by increasing the area of the leaves compared with 
that of the soil, b) by placing the chloroplasts at the sides of separate light 
channels (the palissade cells) which again are placed behind a diffusing 
screen (the epidermis). By diluting the light we oblain a better utilization 
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of it. As the light is still unevenly distributed inside the pallisade cells, it 
must be of considerable importance that due to the continuous and rapid 
variations in the position of the leaves even in a slight wind, the areas inside 
the palissade cells receiving the relatively highest light intensities change 
rapidly. The plants is thus able to profit from the intermittency in illumina- 
tion created thereby. 

4. A theoretical “plankton example” imitating the light conditions in 
terrestrial plants is presented. According to this example the light penetrating 
a definite surface on a bright day is divided into 10 equally large parts each 
penetrating a surface equal to the original surface. The quantity of chloro- 
phyll in the photic layer below these surfaces is now 5 times as high as 
that below the original single surface. The rate of photosynthesis has in- 
creased by a factor 2.5. 
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